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ABSTRACI
The p r o s t h e t i c  g r o u p s  o f  t h e  r e s p i r a t o r y  f u m a r a t e  r e d u c t a s e  
from E s c h e r i c h i a  c o l i  have been  s t u d i e d  by e l e c t r o n  
p a r a m a g n e t i c  r e s o n a n c e .  The i r o n - s u l p h u r  c l u s t e r s  o f  t h i s  
enzyme were c h a r a c t e r i s e d  i n  membranes from a s t r a i n  o f  JE., 
c o l i  w i th  a m p l i f i e d  e x p r e s s i o n  o f  t h e  fu m a ra te  r e d u c t a s e .  Two 
f e r r e d o x i n  c e n t r e s ,  p a ra m a g n e t i c  i n  the  r educ e d  s t a t e  (FR1 & 
FR2, -50mV & -280mV) were shown to be p r e s e n t  a t  t h e  same
c o n c e n t r a t i o n  a s  t h e  f l a v i n ,  t o g e t h e r  w i t h  a c e n t r e  
p a ra m a g n e t i c  i n  t h e  o x i d i s e d  s t a t e  (FR3, E^ -30mV), p r e s e n t  a t  
t h e  same c o n c e n t r a t i o n .  Ano ther  f e r r e d o x i n  s i g n a l  was 
ob s e rv e d  i n  r educ e d  membranes a t  1 / 1 0 th  t h e  c o n c e n t r a t i o n  o f  
t h e  o t h e r  c e n t e s .
The r e l a x a t i o n  p r o c e s s e s  of  t h e  i r o n - s u l p h u r  c e n t r e s  were 
c h a r a c t e r i s e d  and shown to  be s i m i l a r  to  t h o s e  r e p o r t e d  f o r  
o t h e r  i r o n - s u l p h u r  c e n t r e s .  These r e l a x a t i o n  p r o c e s s e s  
changed when more t h a n  one c e n t r e  was p a r a m a g n e t i c ,  i n d i c a t i n g  
i n t e r a c t i o n  be tw een  t h e  c e n t r e s ,  which were c h a r a c t e r i s e d  
between  FR1 & FR2, and FR1 & FR3, by t h e  obse rved  changes  i n  
e . p . r .  p r o p e r t i e s .  E s t i m a t e s  o f  the d i s t a n c e s  between 
c e n t r e s  were made from t h e s e  obse rved  changes .
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The o r i e n t a t i o n  o f  t h e  g - t e n s o r s  o f  t h e  i r o n - s u l p h u r  
c e n t r e s  was s t u d i e d  i n  membrane m u l t i l a y e r s ,  bo th  from a 
w i l d - t y p e  s t r a i n  and a s t r a i n  w i th  a m p l i f i e d  e x p r e s s i o n  o f  t h e  
enzyme. The i r o n - s u l p h u r  c l u s t e r s  were shown t o  have d i s t i n c t  
o r i e n t a t i o n s  i n  bo th  c a s e s ,  w i t h  t h e  a m p l i f i e d  s t r a i n  
p r o d u c in g  c r y s t a l l i n e  m u l t i l a y e r s .  The i n t e r a c t i o n s  between 
t h e  i r o n - s u l p h u r  c e n t r e s  were shown t o  have  an a n g u l a r  
dependence  and t h u s  t o  be m a g n e t i c  d i p o l e - d i p o l e  
i n t e r a c t i o n s .
The l o c a t i o n  of  the i r o n - s u l p h u r  c e n t r e s  was s t u d i e d  
u s i n g  t h e  exogenous p a ram agne t ic  p robe  d y s p r o s i u m ( I I I ) , and 
they  were a l l  shown to  be on th e  c y to p l a s m i c  a s p e c t  o f  the  
c e l l  membrane. The c a t a l y t i c  s i t e  o f  f u m a r a t e  r e d u c t i o n  was 
a l s o  l o c a t e d  as  c y t o p l a s m i c ,  by t h e  use o f  mutant  s t r a i n s  of  
c o l i , and i n h i b i t o r s  o f  the  d i c a r b o x y l i c  a c id  p o r t e r .  The 
i r o n - s u l p h u r  c e n t r e s  were shown to  be l o c a t e d  deep  w i t h i n  t h e  
c a t a l y t i c  s u b u n i t s  of  t h e  enzyme.
The f l a v i n  m oie ty  of  fum a ra te  r e d u c t a s e  was c h a r a c t e r i s e d
i n  the  i s o l a t e d  enzyme by e . p . r . .  The semiqu inone  form of  the
f l a v i n  was shown t o  be s t a b l e  i n  t h e  p h y s i o l o g i c a l  pH range
and t o  have an E „ o f  -12mV (n = 2 ) .  I n t e r a c t i o n  be tween  the mj
semiqu inone  and FR1 was shown and c h a r a c t e r i s e d .
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CHAPTER CME
G enera l  I n t r o d u c t i o n
1.1 R.gAPirjLtl.Q.n...ln.JBx,.i?jpli.
E s c h e r i c h i a  c o l i , a f a c u l t a t i v e  a n a e r o b i c  b a c t e r i u m  from 
t h e  human g u t ,  has  been s t u d i e d  e x t e n s i v e l y  i n  t h e  l a b o r a t o r y  
e n v i r o n m e n t ,  b e c au s e  of  t h e  e a s e  w i th  which i t  a d a p t s  to  
growth  on a v a r i e t y  o f  c u l t u r e  media .  Under t h e s e  d i f f e r i n g  
growth c o n d i t i o n s  E. c o l i  can  s y n t h e s i s e  v a ry in g  
e l e c t r o n - t r a n s p o r t  c h a i n  components  d e p e n d en t  upon t h e  growth 
phase ,  t e r m i n a l  e l e c t r o n  a c c e p t o r ,  t h e  c a rb o n  s o u rc e  and the  
s t r a i n  o f  £ .  c o l i . E. c o l i  d e r i v e s  i t s  ene rgy  f o r  growth 
e i t h e r  by f e r m e n t a t i o n  v i a  g l y c o l y s i s  o r  f rom o x i d a t i v e  
p h o s p h o r y l a t i o n  to  oxygen or  a number o f  a l t e r n a t i v e  e l e c t r o n  
a c c e p t o r s  (Haddock & J o n e s  1977, Haddock 1980, Ingledew & 
Poo le  1984) .
The f o r m a t i o n  of  a d e n o s i n e  5 '  t r i p h o s p h a t e  (ATP) by E. 
c o l i  can be c o n s i d e r e d  t o  oc c u r  by two g e n e r a l  methods,  e i t h e r  
by s u b s t r a t e  l e v e l  p h o s p h o r y l a t i o n  from g rowth  on f e r m e n t a b l e  
c a rb o n  s o u r c e s  o r  by o x i d a t i v e  p h o s p h o r y l a t i o n .  In  t h e  l a t t e r  
c a se  ATP s y n t h e s i s  i s  coup led  to  e l e c t r o n  t r a n s p o r t  r e a c t i o n s ,  
f rom a v a r i e t y  o f  n o n - f e r m e n ta b l e  ca rb o n  s o u r c e s ,  t o  a number 
o f  t e r m i n a l  e l e c t r o n  a c c e p t o r s .  The o x i d a t i o n - r e d u c t i o n  
( re d o x )  enzymes which c a t a l y s e  o x i d a t i v e  p h o s p h o r y l a t i o n  a r e  
membrane bound,  and have been shown to  be a s y m m e t r i c a l l y  
d i s t r i b u t e d  i n  t h e  c y to p l a s m i c  membranes o f  b a c t e r i a  (Haddock 
& J o n e s  1977, Haddock 1980) .  The t h r e e  most w id e ly  a c c e p t e d  
models  o f  energy  c o u p l i n g  o f  e l e c t r o n  t r a n s p o r t  to  ATP 
s y n t h e s i s  a r e :  t h e  chemical  t h e o r y ,  t h e  chemiosmot ic  th e o r y
and t h e  c o n f o r m a t i o n a l  t h e o r y ,  a l l  o f  which have been  w i d e ly  
rev iew ed  by many w orke rs  ( B a l t s c h e f f s k y  & B a l t s c h e f f s k y  1974 , 
Boyer  197%, Green  197%, G r e v i l l e  1969, Harold 1972 & 1977, 
Haddock & J o n e s  1977, S l a t e r  197%). I t  i s  f a i r  t o  say t h a t  
t h e  chemiosmot ic  t h e o r y  ( M i t c h e l l  1966 & 1968) h a s  r e c e i v e d  
most s u p p o r t ,  a s  t h i s  t h e o r y  p r e s e n t s  a model to  l i n k  v a r i o u s  
e n e r g y - d e p e n d e n t  f u n c t i o n s  i n  b a c t e r i a ,  m i t o c h o n d r i a ,  
c h l o r o p l a s t s ,  musc le  c e l l s  and ne rve  c e l l s .
Haddock & J o n e s  (1977) r ev ie w e d  the  a p p l i c a t i o n  o f  t h e  
chemiosmot ic  t h e o r y  t o  c o l i  and o u t l i n e d  th e  major
c r i t e r i a ,  namely asymmetr ic  d i s t r i b u t i o n  o f  t h e  redox  enzymes 
c a t a l y s i n g  o x i d a t i v e  p h o s p h o r y l a t i o n  and t h e  p r o d u c t i o n  o f  a 
p r o t o n - m o t i v e  f o r c e  ( J p )  a c r o s s  a c lo s e d  membrane sys tem .  
The p r o t o n - m o t i v e  f o r c e  can  c o n s i s t  of  a membrane p o t e n t i a l  
( J ' F )  and a pH g r a d i e n t  ( J  pH) , though both  do no t  need t o  be 
p r e s e n t  s i m u l t a n e o u s l y .  The mechanism of  p r o to n  t r a n s l o c a t i o n  
i s  unknown a t  p r e s e n t .  The re  a r e  two p o s s i b l e  mechanisms by 
which t h i s  may o c c u r :  t h e  l o o p  mechanism proposed  by M i t c h e l l
( 1966) ,  whereby the  p r o t o n s  a r e  t r a n s l o c a t e d  a s  a consequence  
o f  t h e  p o s i t i o n  and o r g a n i s a t i o n  o f  t h e  redox componen ts ,  or  
t h e  c o n f o r m a t i o n a l  pumping o f  p r o to n  by the  r e s p i r a t o r y  
complex.  The p r o d u c t i o n  o f  ^  p by E.. c o l i  can  oc c u r  v i a  a 
r a n g e  o f  e l e c t r o n - t r a n s p o r t  c h a i n s  dependen t  upon the  
c o n d i t i o n s  o f  g row th .  The i n d i v i d u a l  redox enzymes v a ry  in  
t h e  d i f f e r e n t  e l e c t r o n - t r a n s p o r t  c h a i n s ,  as  t h e i r  e x p r e s s i o n  
may be induced  o r  r e p r e s s e d  by the e l e c t r o n  d o n o r s  and 
a c c e p t o r s  a v a i l a b l e  t o  t h e  b a c t e r i a  (Haddock & J o n e s  1977,
Ing ledew & Poo le  198%), o f f e r i n g  a wide v a r i e t y  of  
e x p e r i m e n t a l  s y s te m s  t o  s tu d y  t h i s  i m p o r t a n t  prob lem, which i s  
fu n d am e n ta l  to  b i o c h e m i s t r y .
1 .1 .1  Overview o f  E. c o l i  E l e c t r o n - T r a n s p o r t  Cha ins
There  a r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  p r o t e i n  c o n t e n t  
o f  £ .  c o l i  d u r i n g  a e r o b i c  growth  from t h o s e  d u r i n g  a n a e r o b i c  
g row th  (Smi th  & N e i d h a r d t  1983 a & b) which i n d i c a t e  the 
c hanges  i n  redox  c a r r i e r s  t h a t  occu r  f o r  growth on d i f f e r e n t  
t e r m i n a l  e l e c t r o n  a c c e p t o r s .  The most  s t r i k i n g  c h a n g e ,  o t h e r  
t h a n  t h e  t e r m i n a l  enzymes o f  t h e  r e s p i r a t o r y  c h a i n s ,  i s  the  
cy tochrome c o n t e n t  o f  t h e  c e l l s  (Pundek & Bragg 1975, Reid & 
Ing ledew 1979, Sh ipp  1972, Ingledew & Poole  198%). The number 
and type  o f  t h e  cy tochrom es  v a r i e s  w i t h  t h e  growth 
c o n d i t i o n s .  The q u in o n e  p r e s e n t  i n  t h e  membranes o f  JE, c o l l  
a s  an  i n t e r m e d i a t e  e l e c t r o n  a c c e p t o r ,  a l s o  a l t e r s  i n  cha ng ing  
from a e r o b i c  t o  a n a e r o b i c  growth c o n d i t i o n s .  In  a e r o b i c a l l y  
grown c e l l s  u b i q u i n o n e - 8  p r e d o m i n a t e s ,  whereas  menaquinone-8  
( v i t a m i n  K) p r e d o m i n a t e s  i n  a n a e r o b i c a l l y  grown c e l l s  ( J o n e s  & 
G a r la n d  1982, Haddock & J o n e s  1977, Ingledew & Poo le  198%). 
The e l e c t r o n  dono rs  t o  t h e  e l e c t r o n - t r a n s p o r t  c h a i n s  a l s o  
change  w i th  t h e  growth  c o n d i t i o n s  f o r  E.. c o l i . The major 
e l e c t r o n  donors  a r e  t h e  dehy d ro g e n a s e s  which a r e  d e pe nden t  on 
t h e  c a rb o n  s o u r c e  p r e s e n t ,  though some d e h y d ro g e n a s e s  can 
e x i s t  i n  more t h a n  one form, depend ing  on t h e  growth 
c o n d i t i o n s  ( c . f .  L - g l y c e r o l - 3 - p h o s p h a t e  d e h yd roge na se ,
I ng ledew & Poo le  198%). Some of  t h e  dehyd ro g e n a s e s  have been 
s u g g e s t e d  t o  be s p e c i f i c  f o r  t h e  qu inone  m o i e t i e s  ( W a l l a c r  & 
Young 1977, J o n e s  & Gar la nd  1982) t o  which they  d o n a te  
e l e c t r o n s .  The d e h y d ro g e n a s e s  can c o n t a i n  redox  c e n t r e s  such 
as  f l a v i n ,  i r o n - s u l p h u r  c e n t r e s  and molybdenum c e n t r e s ,  as 
w e l l  a s  c y toc h rom e s  t o  t r a n s f e r  t h e i r  e l e c t r o n s .
1.2  E l e c t r o n  T r a n s p o r t  t o  Oxygen
_E. c o l l  has  two t e r m i n a l  o x i d a s e s  t h a t  t r a n s f e r  e l e c t r o n s  
t o  m o l e c u l a r  oxygen.  Cytochrome q. ( a  i i - t y p e  cytochrome) t h a t  
i s  i nduce d  unde r  c o n d i t i o n s  o f  v i g o r o u s  a e r a t i o n  and 
cy to chrom e  ^  ( cy tochrom e  a ^ )  which i s  s y n t h e s i s e d  under  
c o n d i t i o n s  of  l i m i t i n g  oxygen t e n s i o n  (P oo le  1982, 1983) .
T o g e t h e r  w i t h  t h e  t e r m i n a l  o x i d a s e s ,  o t h e r  cytochromes  t h a t  
a r e  s p e c i f i c  t o  t h e  e l e c t r o n - t r a n s p o r t  c h a i n s  under  t h e s e  
c o n d i t i o n s  a r e  s y n t h e s i s e d  (Poo le  1982, 1983,  Pundek & Bragg
1976,  Reid & Ingledew 1979,  Ingledew & Poole  198%).
Cytochrome i s  u s u a l l y  shown t o  be p r e s e n t  i n  £ .  .coll. by 
i t s  b i n d in g  o f  c a rb o n  monoxide (CO), which g i v e s  r i s e  t o  i t s  
c h a r a c t e r i s t i c  d i f f e r e n c e  spec t rum  ( re d u c e d  + CO minus 
r e d u c e d ) .  A m i d - p o i n t  p o t e n t i a l  o f  +250 mV h a s  been 
d e t e r m i n e d  f o r  cy tochrome jq. (Reid & Ingledew 1979) .  The 
e l e c t r o n - t r a n s p o r t  c h a i n  t o  cytochrome SL ha s  no t  been c l e a r l y  
d e f i n e d ,  though i t  i s  known t h a t  two b r t y p e  cy tochromes  
^ ^ 6 2 / 5 5 6  ( s p l i t  band) and t o g e t h e r  w i th  u b iq u in o n e .
a r e  i n v o l v e d ,  Dow n i e  & Cox (1978) p roposed  t h a t  e l e c t r o n s ,
were pas sed  from NADH de hyd roge na se  to  ub iq u in o n e  and t h e n  to
cy tochrome 2 » b e f o r e  b e in g  p a s se d  t o  cy tochrome which
a l s o  a c t s  a s  an  e l e c t r o n  a c c e p t o r  from o t h e r  d e h y d ro g e n a s e s  
( f i g . 1 . 1 ) ,  E l e c t r o n s  a r e  t h e n  pa s se d  v i a  u b iq u in o n e  to  
cy tochrome a .  A l t e r n a t i v e l y ,  K i t a  and Anraku (1981)  p roposed 
t h a t  a l l  t h e  d e h y d ro g e n a s e s  pa s se d  t h e i r  e l e c t r o n s  to  t h e  
qu in o n e  pool  b e f o r e  p a s s i n g  t o  cy tochrome and t h e n  t o
cy tochrome ^ 5 2  ^1^ u b iq u in o n e  a g a i n ,  and f i n a l l y  to
cy tochrome js. ( F i g . 1 . 1 ) .  The m a j o r i t y  o f  e x p e r i m e n t a l  d a t a  to  
d a t e  f a v o u r s  t h e  second (more r e c e n t )  scheme because  o f  the  
m i d - p o i n t  p o t e n t i a l s  and t h e  f a c t  t h a t  cy tochrome q. 
c o - p u r i f i e s  w i th  cy tochrome b^^^ ( p r o b a b l y  1 ^ 6 2 /5 5 6 ^ '
Under c o n d i t i o n s  o f  l i m i t i n g  oxygen cy tochrome d. 
supp le m e n ts  cy tochrome 2 . a s  t h e  t e r m i n a l  o x i d a s e  of  £ .  c o l i ,  
a s  w e l l  a s  be in g  t h e  o x i d a s e  s y n t h e s i s e d  under  a v a r i e t y  of  
o t h e r  growth c o n d i t i o n s  (Pundek & Bragg 1976, Reid & Ingledew 
1979 , Sh ipp 1972, Ingledew & Poole  198%). The 
e l e c t r o n - t r a n s p o r t  c h a in  t o  cytochrome d. i s  h a r d l y  any l e s s
complex t h a n  t h a t  t o  cytochrome &. * Cytochrome ' i s  a l s o
i n d u c e d ,  t o g e t h e r  w i th  cy tochrome d. and was lo n g  assumed to  
a c t  a s  an o x i d a s e  i n  Z* & a ll. However Reid and Ingledew 
( 1979) showed t h a t  ' c y to c h r o m e  d id  no t  bind CO and t h u s  
i t s  r o l e  as  a t e r m in a l  o x i d a s e  was put  i n  doub t .  The
e l e c t r o n - t r a n s p o r t  c h a i n  t o  cytochrome d  a l s o  c o n t a i n s  
cy tochrome ( d i s t i n c t  from cy tochrome jq.) a s  w e l l  as
cy tochromes  b^^^ % 56* e l e c t r o n s  under  c o n d i t i o n s  of
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F i g u r e  1.1
Electron transpçrt to o%yge_n
The two proposed  schemes f o r  e l e c t r o n  t r a n s p o r t  f rom NADH 
dehyd rogenase  t o  m o l e c u l a r  oxygen ,  v i a  cy tochrome a r e  
shown. The to p  scheme d e n o te s  t h e  s equence  o f  r edox  c a r r i e r s  
p roposed  by Down i e  & Cox (1978)  and a l s o  i n c l u d e s  t h e  scheme 
f o r  e l e c t r o n  t r a n s p o r t  t o  m o l e c u l a r  oxygen v i a  cy tochrome j. .
The lower  scheme d e n o te s  t h a t  p roposed  by K i t a  & Anraku 
(1981) f o r  e l e c t r o n  t r a n s p o r t  t o  m o l e c u l a r  oxygen,  f rom NADH 
dehyd rogenase ,  v i a  cy tocrome ü . The p o s i t i o n  o f  i n t e r a c t i o n  
o f  t h e  o t h e r  d e h y d ro g e n a s e s  i s  a l s o  shown.
A b b r e v i a t i o n s ;  NADH « NADHdH, NADH d e h y d ro g e n a s e ;  D-LdH, 
D - l a c t a t e  d e h y d roge na se ;  L-LdH, L - l a c t a t e  d e h yd roge na se ;  SdH, 
s u c c i n a t e  de hyd roge na se ;  Q, u b i q u in o n e ;  MK, menaquinone;  c y t ,  
cy tochrome;  PMS, p h e n a z in e  m e t h o s u l p h a t e ;  TMPD, 
t e t r a r a e t h y l - p - p h e n a l i n e d i a m i n e ;  Fe /S  & Fe,  i r o n - s u l p h u r  
c e n t r e s .
l i m i t i n g  oxygen p a s s  t o  cy tochrome and t h e n  t o  cy tochrome
d. i n s t e a d  o f  d i r e c t l y  t o  cy tochrom e  ü  ( F i g , 1 . 1 ) .  E v ide nce  i s  
n o t  a v a i l a b l e  a t  t h e  p r e s e n t  t im e  c o n c e r n in g  t h e  membrane 
l o c a t i o n  o f  t h e  i i - t y p e  c y to c h ro m e s ,  though i t  i s  g e n e r a l l y  
assumed t h a t  t h e  two o x i d a s e s  a r e  l o c a t e d  on t h e  p e r i p l a s r a i c  
a s p e c t  o f  the  c o l i  membrane. The e l e c t r o n - t r a n s p o r t
c h a i n s  induce d  a e r o b i c a l l y  i n  %. c o l i  a r e  t h e r e f o r e  f a i r l y  
complex,  i n v o l v i n g  a t  l e a s t  s i x  r e d o x  enzymes i n  each  c a s e .
1.3 Anaerobic  E l e c t r o n  T r a n s p o r t
c o l i  i s  a f a c u l t a t i v e  a n a e r o b e  and a s  such i s  c a p a b l e  
o f  a n a e r o b i c  growth  on a number o f  c a rb o n  s o u r c e s  t o g e t h e r  
w i t h  a l t e r n a t i v e  e l e c t r o n  a c c e p t o r s .  E l e c t r o n  t r a n s p o r t  to  
n i t r a t e ,  n i t r i t e ,  f u m a r a t e ,  d i m e t h y l s u l p h o x i d e  and 
t rimethylaramoniura ox ide  have a l l  been  d e te r m in e d  i n  c .q.11» 
each w i th  i t s  own d i s t i n c t  e l e c t r o n - t r a n s p o r t  c h a i n  (Haddock & 
J o n e s  1977, Haddock 1980, Kroger  1978,  Ing ledew & Poole  
1 984) .  The b e s t  c h a r a c t e r i s e d  and most  e x t e n s i v e l y  s t u d i e d  
h a s  been  t h e  e l e c t r o n - t r a n s p o r t  c h a i n  t h a t  t e r m i n a t e s  w i th  
n i t r a t e  r e d u c t a s e .
1.3.1 Electron.Transpor_t ta  Nltraj>_e
The e l e c t r o n - t r a n s p o r t  c h a i n  in duced  u n d e r  a n a e r o b i c  
c o n d i t i o n s  i n  t h e  p r e s e n c e  o f  n i t r a t e  i s  s i m p l e ,  c o n s i s t i n g  o f  
deh y d ro g e n a s e ,  qu in o n e  and r e d u c t a s e  enzymes. However, t h e  
d e h y d ro g e n a s e s  and r e d u c t a s e  a r e  th e m s e lv e s  complex m o l e c u l e s  
c o n t a i n i n g  s e v e r a l  redox  c e n t r e s  each ( c y t o c h ro m e s ,  
i r o n - s u l p h u r  c e n t r e s  and molybdenum c e n t r e s ) ,  t h ro u g h  which 
they  a c h ie v e  e l e c t r o n - t r a n s p o r t  and p r o t o n - t r a n s l o c a t i o n .  
c o l i  can u t i l i s e  n i t r a t e  as  a  t e r m i n a l  e l e c t r o n  a c c e p t o r  by 
means of  t h e  enzyme n i t r a t e  r e d u c t a s e ,  which i s  i n d u c e d  i n  t h e  
p r e s e n c e  o f  n i t r a t e  and molybdenum, bu t  which i s  r e p r e s s e d  i n  
t h e  p r e s e n c e  o f  oxygen (Haddock & J o n e s  1977) .  Growth can  
o c c u r  on a  v a r i e t y  o f  n o n - f e r m e n t a b l e  s u b s t r a t e s  such as  
D - l a c t a t e  (Haddock & J o n e s  1977, Ingledew & Poo le  1984) .  I n  
_E. c o l i  n i t r a t e  i s  r ed u c e d  t o  n i t r i t e  i n  a two e l e c t r o n  
r e d u c t i o n  which a l s o  i n v o l v e s  t h e  consumpt ion  o f  two p r o t o n s .  
The r e a c t i o n  h a s  a m i d - p o i n t  p o t e n t i a l  of  +420 mV a t  pH 7 . 0 ,  
which g i v e s  a f o r  n i t r a t e  r e d u c t i o n  from NADH o f  2  -39
Cal/raol  ( Ing le dew  & Poo le  1984) .  Th i s  p r o v id e s  a l a r g e  enough 
G^' f o r  t h e  p r o d u c t i o n  of  more t h a n  1 ATP/2e . H*/2e r a t i o s  
o f  4 f o r  o x i d a t i o n  o f  r aa l a t e  and 2 f o r  o x i d a t i o n  o f  s u c c i n a t e ,  
g l y c e r o l  and D - l a c t a t e  were found.  An H^/2e" r a t i o  of  >2 was 
a l s o  found f o r  f o rm a te  r e d u c t i o n ,  bu t  t h i s  c a s e  was more
complex because  o f  t h e  p r o d u c t i o n  o f  CO  ^ and H^ movement
l i n k e d  t o  f o rm a te  up t ak e  (G ar land  1975 ) ,  which w i l l
a f f e c t  t h e  measured p r o t o n  t r a n s l o c a t i o n .
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N i t r a t e  r e d u c t a s e  c o n t a i n s  bo th  molybdenum (bound t o  
p t e r i n ,  J o h n s o n  1980) and i r o n - s u l p h u r  c e n t r e s  i n  t h e  
c a t a l y t i c  s u b u n i t s  ( a & f i ) ,  t o g e t h e r  w i th  a l i - t y p e  cytochrome 
i n  a t h i r d  s u b u n i t  ( ) ' ) .  T h i s  J i - t y p e  cy tochrome (1^^^ i s  
s p e c i f i c a l l y  in d u ce d  unde r  t h e s e  growth  c o n d i t i o n s .  I f  
p o t a s s i u m  s e l e n i t e  i s  a l s o  i n c l u d e d  i n  t h e  medium, h igh  l e v e l s  
o f  a membrane bound f o r m a te  d e h y d ro g e n a s e  a r e  a l s o  induced  
( c . f .  Ing ledew & Poole  1984 f o r  r e v i e w ) .  The minimum
s t o i c h i o m e t r y  r e q u i r e d  f o r  a c t i v i t y  ( q u in o n e  dependen t )  i s
1 , 1 , 2  s u b u n i t s .  E l e c t r o n  p a ra m a g n e t i c  r e s o n a n c e  ( e . p . r . )  
s t u d i e s  have  shown a t  l e a s t  t h r e e  i r o n - s u l p h u r  c e n t r e s :  a high 
p o t e n t i a l  Fe -S  type  and a t  l e a s t  two f e r r e d o x i n  type  c e n t r e s ,  
i n  a d d i t i o n  t o  a  molybdenum (V) s i g n a l .  The redox b e h a v io u r  
o f  some o f  t h e s e  c e n t r e s  h a s  been c h a r a c t e r i s e d  bu t  the  
p o s i t i o n  and s e q u en c e  of  the  c e n t r e s  i s  no t  known. The 
l o c a t i o n  o f  t h e  c a t a l y t i c  s i t e  o f  n i t r a t e  r e d u c t a s e  has  been 
found t o  be c y t o p l a s m i c  ( Ing le dew  ^  a l *  1978,  Jones  ^  a l*  
1978a & b ) ,  a l t h o u g h  t h e  enzyme i t s e l f  i s  t ransmembraneous ,
t h e  F s u b u n i t  b e in g  l o c a t e d  n e a r  t h e  p e r i p l a s r a i c  a s p e c t  o f  the  
c e l l  membrane (Boxer  & Clegg 1975) .  T h i s  h a s  i m p o r t a n t
c o n s i d e r a t i o n s  f o r  t h e  proposed  model o f  n i t r a t e  r e d u c t a s e  
ba sed  o x i d a t i v e  p h o s p h o r y l a t i o n ,  because  o f  t h e  consumpt io n  of  
p r o t o n s  by t h e  t e r m i n a l  r e a c t i o n  and t h e  r e q u i r e m e n t  f o r  a 
t r a n s p o r t  sys te m  t o  b r i n g  n i t r a t e  i n t o  t h e  c e l l s .  The 
l o c a t i o n  o f  t h e  s u b u n i t s  has  been  i n v e s t i g a t e d  by l a b e l l i n g  
s t u d i e s  and con f i rm e d  by t h e  use  o f  a n t i b o d i e s  (Boxer & Clegg
1976,  Graham & Boxer  1978, Graham ^  a l . 1981,  Graham & Boxer
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1980a  & b,  MacGregor & C h r i s t o p h e r  1978) .
The f o r m a te  d e h y d ro g e n a s e  h a s  been  shown to  c o n t a i n  a 
molybdenum c e n t r e  and a H i P I P - ty p e  i r o n - s u l p h u r  c e n t r e  by 
e . p . r .  s p e c t r o s c o p y ,  and t o  be a s s o c i a t e d  w i t h  a b - t y p e  
c y toc h rom e  of  low p o t e n t i a l  ( R u i z - H e r r e r a  & De Moss 1969» 
H a c k e t t  & Bragg  1983a & b ) . Other  cy tochromes  ( ^ ,  ' )
a r e  a l s o  in d u ce d  unde r  t h e s e  c o n d i t i o n s ,  bu t  t h e s e  a r e  no t  
t h o u g h t  to  p a r t i c i p a t e  i n  e l e c t r o n - t r a n s p o r t  from f o rm a te  to  
n i t r a t e .  The a c c e p t e d  pathway ( F i g . 1 .2 )  f o r  e l e c t r o n  f low to  
n i t r a t e  r e d u c t a s e ,  from f o rm a te  dehydrogenase  and o t h e r  
d e h y d r o g e n a s e s ,  i s  v i a  t h e  qu inone  poo l .  Formate 
d e h y d ro g e n a s e  t r a n s l o c a t e s  2H’^ /2 e ” i n  a d d i t i o n  t o  t h o s e  
t r a n s l o c a t e d  by th e  q u in o n e  pool  ( 2 H * / 2 e " ) .
1 . 3 . 2  E l e c t r o n  T r a n s p o r t  t o  N i t r i t e
JE. c o l i  can  r a p i d l y  r e d u c e  n i t r i t e  to  ammonia under  
a n a e r o b i c  c o n d i t i o n s .  The s i x  e l e c t r o n  r e d u c t i o n  has  a mean 
m i d - p o i n t  p o t e n t i a l  o f  +275 mV a t  pH 7 . 0 ,  g i v i n g  o f
- 2 7 . 4  Cal /raol  ( In g l e d ew  & Poole  1984) f o r  r e d u c t i o n  of  n i t r i t e  
f rom NADH. There  a r e  t h r e e  s e p a r a t e  pathways by which t h i s  
o c c u r s ;  NADPH:sulphi te  r e d u c t a s e ,  a s o l u b l e  enzyme which a l s o  
h a s  a p p r e c i a b l e  n i t r i t e  r e d u c t a s e  a c t i v i t y ;  a s o l u b l e  
N A D H :n i t r i t e  r e d u c t a s e ,  and a r e s p i r a t o r y  n i t r i t e  r e d u c t a s e .  
The l a t t e r  i s  p a r t i a l l y  membrane dependen t  and l i n k e d  t o  a 
r e s p i r a t o r y  c h a i n  ( Ing ledew  & Poole  1984) .  The major
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F i g u r e  1 ,2
ÂnsLSiLQbis P l.eo t rp J i Jr.ari9j>pr-t,.
E l e c t r o n  t r a n s p o r t  t o  t h e  two b e s t  c h a r a c t e r i s e d ,  
a l t e r n a t i v e  e l e c t r o n  a c c e p t o r s ,  n i t r a t e  and f u m a r a t e  a r e  
shown. Scheme a . d e n o te s  e l e c t r o n  t r a n s p o r t  f rom t h e  v a r i o u s  
d e h y d ro g e n a s e s  t o  n i t r a t e  r e d u c t a s e .  Scheme b . d e n o te s  
e l e c t r o n  t r a n s p o r t  t o  fu m a ra te  from t h e  d e h y d ro g e n a s e s .
A b b r e v i a t i o n s :  SdH, s u c c i n a t e  d e h y d roge na se ;  FdH, fo rm a te  
d e h y d ro g e n a s e ;  LdH, L - l a c t a t e  d e h y d ro g e n a s e ;  GgPdH, 
L - g l y c e r o l - 3 - p h o s p h a t e  de hyd roge na se ;  NADHdH, NADH 
d e h y d ro g e n a s e ;  Q, u b i q u in o n e ;  MQ, menaquinone;  Fe /S ,  
i r o n - s u l p h u r  c e n t r e s ;  Mo, molybdenum c e n t r e s ;  F I . ,  f l a v i n  
m o ie ty  ( 8 - a l p h a - [ N ( 3 ) - h i s t i d y l ] - F A D ) ; N . R . , n i t r a t e  r e d u c t a s e ;  
F . R . ,  f u m a r a t e  r e d u c t a s e ;  fum, f u m a r a t e  ; s u c c ,  s u c c i n a t e .  
The chemica l  f o rm u la e  have t h e i r  u s u a l  meanings .
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d e h y d ro g e n a s e s  found t o  d o n a te  e l e c t r o n s  t o  t h i s  r e s p i r a t o r y  
c h a i n ,  a r e  t h e  f o rm a te  and l a c t a t e  d e h y d ro g e n a s e s  (Abou-Jaoude  
e t  sX* 1979a & b ) ,  and e i t h e r  ub iq u in o n e  or  menaquinone can 
be u t i l i s e d  by t h e  sys tem.  A low p o t e n t i a l  £ . - type  cy tochrome 
^■^52^ i s  a l s o  induced  by growth  on n i t r i t e  and has  been 
i n f e r r e d  t o  be a s s o c i a t e d  w i t h  t h e  n i t r i t e  r e d u c t a s e  ( F u j i t a  & 
S a t o  1966b, 1967) .  I t  has  been shown t o  be r a p i d l y  o x i d i s e d
by n i t r i t e  (Gray jgi  â l .  1963) and t o  r educe  t h i s  t o  ammonia 
( L i u  e l  â l .  1981) ,  A p e r i p l a s r a i c  l o c a t i o n  f o r  t h i s  
cy tochrome has  been found ( F u j i t a  & S a t o  1966a & b, 1967) .  
The membrane bound n i t r i t e  r e d u c t a s e  of E., c o l i  has  not  been 
w e l l  c h a r a c t e r i s e d  and i t s  s t r u c t u r e ,  membrane l o c a t i o n  and 
p r o s t h e t i c  g r o u p s ,  o t h e r  th a n  t h e  iL-type cy tochrome,  a r e  not 
known. Presumably e l e c t r o n s  a r e  dona ted  from t h e  qu in o n e  
pool  t o  cy tochrome and t h e n  to  t h e  p r o s t h e t i c  g r o u p s  of
n i t r i t e  r e d u c t a s e .  I t  ha s  been d e m o n s t r a t e d  by Motteram sX  
a l . (1981) t h a t  e l e c t r o n - t r a n s p o r t  from fo rm a te  t o  n i t r i t e  
c a n  s u p p o r t  a membrane p o t e n t i a l  (J'P) o f  up to  150 raV though 
-ApH and t h u s  I p  was no t  measured .
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1 . 3 . 3  DMSO /_ TMAO_■Supported E le o tr o n  Transport
T r im e th y l  ami ne N-ox ide  (TMAO) i s  r educ e d  by E,. c o l i  t o  
t r i m e t h y lamine  unde r  a n a e r o b i c  c o n d i t i o n s .  TMAO c a n  s u p p o r t  
t h e  growth of  E. c o l i  w i t h  g l u c o s e  and f o r m a t e  a s  c a rb o n  
s o u r c e s  and a l s o  on hyd rogen ,  TMAO r e d u c t a s e  i s  a membrane 
bound enzyme which a c c e p t s  e l e c t r o n s  v i a  qu inone  from NADH, 
NADPH and f o r m a t e .  Both 1 - t y p e  and ü - t y p e  cy to c h ro m e s  a r e  
a l s o  i n v o lv e d  i n  e l e c t r o n  t r a n s p o r t  ( Ing le dew  & P oo le  1984) .  
TMAO r e d u c t a s e  a c t i v i t y  i s  dependen t  on t h e  same molybdenum 
c o f a c t o r  as  n i t r i t e  r e d u c t a s e ,  b u t  t h e  s t r u c t u r e  and membrane 
l o c a t i o n  o f  t h e  enzyme i s  no t  known. However TMAO r e d u c t a s e  
ha s  been shown t o  be coup led  t o  p r o to n  t r a n s l o c a t i o n  (T akag i  
e t  a l . 1981) w i th  H*/2e" r a t i o  o f  3 t o  4 and t h e  g e n e r a t i o n  
o f  a membrane p o t e n t i a l ,
D im e th y l s u lp h o x id e  (DMSO) i s  r educ e d  by c o l i  to
d i m e t h y I s u l p h i d e  and can  s u p p o r t  a n a e r o b i c  growth ( P a t e r s o n  & 
Ingledew u n p u b l i s h e d  r e s u l t s ) .  Growth o f  c o l i  on DMSO 
p l u s  g l y c e r o l  a s  c a rb o n  s ource  i n d u c e s  cy tochromes  ,
two 1 - t y p e  cy to chrom es  (1^^^ & l ^ ^ g )  and a ü - ty pe  cy tochrome 
( Ing ledew  & Poo le  1984) .  Very l i t t l e  i s  known a b o u t  t h i s  
e l e c t r o n - t r a n s p o r t  c h a i n  bu t  i t  i s  t h o u g h t  t o  be s i m i l a r  to  
t h a t  in v o lv e d  i n  e l e c t r o n  t r a n s p o r t  to  TMAO.
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1 . 3 . 4  E l e c t r o n  T r a n s p o r t  t o  Fum a ra te
Jl. c o l l , l i k e  mary o t h e r  b a c t e r i a ,  c a n  u t i l i s e  f u m a r a t e  
a s  an a l t e r n a t i v e  e l e c t r o n  a c c e p t o r ,  t o  s u p p o r t  growth on 
n o n - f e r m e n t a b l e  c a rb o n  s o u r c e s  such as  g l y c e r o l .  Fuma ra te  i s  
r e d u c e d  t o  s u c c i n a t e  by fu m a ra te  r e d u c t a s e  ( B . C . 1 . 3 . 9 9 . 1 )  i n  
t h e  t e r m i n a l  r e a c t i o n  of  e l e c t r o n  t r a n s p o r t .  I n  E, c o l i  the  
e l e c t r o n - t r a n s p o r t  c h a i n  t o  f u m a r a t e  i s  one of  t h e  s i m p l e s t  
known ( F i g . 1 . 2 ) ,  Fuma ra te  r e d u c t a s e  r e c e i v e s  e l e c t r o n s  from 
menaquinone which r e c e i v e s  them i n  t u r n  f rom the  
d e h y d r o g e n a s e s .  The majo r  d e h y d r o g e n a s e s  i n
e l e c t r o n - t r a n s p o r t  t o  f u m a r a t e  f rom growth  on g l y c e r o l  a r e  
l a c t a t e ,  g l y c e r o l - 3 - p h o s p h a t e ,  NADH and f o r m a t e  d e h yd roge na se  
( In g l e d e w  1983 ) .  Cytoch romes  1 ,  ' and a t  l e a s t  two 1 - t y p e
c y toc h rom e s  a r e  in duced  d u r i n g  a n a e r o b i c  growth  i n  t h e  
p r e s e n c e  o f  f u m a r a t e  (Reid & Ingledew 1979 ) .
The f u m a r a t e  /  s u c c i n a t e  c o u p le  has  a m i d - p o i n t  p o t e n t i a l  
o f  +30 mV a t  pH 7 .0  f o r  th e  two e l e c t r o n  r e a c t i o n .  Fo r 
r e d u c t i o n  o f  f u m a r a t e  from NADH t h e  i s  - 1 6 .1  Ca l /m ol .
B r i c e  a l .  (1974)  and Gutowski & Rosenbu rg  (1976,  1977)
d e m o n s t ra t e d  t h a t  p r o to n  t r a n s l o c a t i o n  occu red  d u r i n g  f u m a r a t e  
d e pe nden t  r e s p i r a t i o n  i n  E, c o l i . from endogenous s u b s t r a t e s  
w i th  an H*/2e r a t i o  2  1. Miki & L in  (1973 ,  1975) l a t e r
m easu red  s t o i c h i o m e t r i e s  o f  2 f o r  p r o t o n  t r a n s l o c a t i o n  coup led 
t o  g l y c e r o l - 3 - p h o s p h a t e  o x i d a t i o n  by f u m a r a t e .  The m a t t e r  i s  
more complex i n  u s in g  p u l s e s  of  f u m a r a t e  to  measu re  t h e  p r o to n  
t r a n s l o c a t i o n ,  b e c au s e  of a n o m a l ie s  i n  t h e  s t o i c h i o m e t r y .  The
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p r o d u c t  o f  f u m a r a t e  r e d u c t i o n ,  s u c c i n a t e  i s  a c o m p e t i t i v e  
i n h i b i t o r  o f  f u m a r a t e  r e d u c t a s e  ( H i r s c h  5 1 .  1963) and t h e
d i c a r b o x l i c  a c i d  p o r t e r  (Kay & Ko rnbe rg  1 9 7 1 ) , l e a d i n g  t o  an 
u n d e r e s t i m a t e  o f  t h e  s t o i c h i o m e t r y .  The p o r t e r  f o r  f u m a r a t e  
i s  a p r o t o n  s y m p o r te r  (Gu towski  & Rosenbu rg  1977) ,  which l e a d s  
t o  a  f u r t h e r  u n d e r e s t i m a t e  o f  t h e  s t o i c h i r a e t r y . A 3 pH was 
p roduced by r e s p i r a t i o n  f rom e i t h e r  NADH o r  f o r m a t e  t o  
f u m a r a t e  (Haddock & K e n d a l l - T o b i a s  1975) though no t  from 
l a c t a t e ,  and was v a r i a b l e  i n  r e s p i r a t i o n  from
g l y c e r o l - 3 - p h o s p h a t e .  H e l l i n g w e r f  ^  j l .  (1981)  measu red t h e  
3 p  f rom f u m a r a t e  s u p p o r t e d  r e s p i r a t i o n  a s  2+105 mV which i s  
s u p r i s i n g l y  low,  howeve r  t h e r e  was no s i g n i f i c a n t  Jk pH i n
whole c e l l s ,  so  t h i s  may r e f l e c t  on ly  I ' F . The i p H  may have 
been  c o l l a p s e d  by t h e  a c t i o n  o f  t h e  p r o t o n  s y m p o r te r  i n  t h e  
u p t a k e  o f  f u m a r a t e  ( In g l e d ew  & P oo le  1984) .  Miki & L i n  (1975)  
have  r e p o r t e d  an ATP/fuma ra te  r a t i o  o f  0 . 1 ,  f rom e l e c t r o n
t r a n s p o r t  t o  f u m a r a t e  from g l y c e r o l - 3 - p h o s p h a t e ,  which i s  ve ry  
low,  a l t h o u g h  they  q u a l i f y  t h i s  by s t a t i n g  t h a t  t h e i r  membrane 
p r e p a r a t i o n s  we re not  w ho l ly  s e a l e d  and hence  an  u n d e r e s t i m a t e  
would be e x p e c t e d .
S o l u t e  t r a n s p o r t  l i n k e d  t o  f u m a r a t e  r e d u c t i o n  h a s  a l s o  
been  r e p o r t e d  (Konings & Kaback 1973,  Miki & L i n  1 9 75 ) .
L a c to s e  and some amino a c i d  we re  t a k e n  up by membrane v e s i c l e s  
( r i g h t - s i d e  o u t ) ,  i n  an e n e rg y  d e p e n d e n t  p r o c e s s  d r i v e n  by 
f u m a r a t e  r e d u c t i o n ,  l i n k e d  e l e c t r o n  t r a n s p o r t  t o  
g l y c e r o l - 3 - p h o s p h a t e  o x i d a t i o n .
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1.4 Uniqueness of Fumarate
Fu m a ra te  r e d u c t a s e  i s  one o f  t h e  c l a s s  o f
s u c c i n a t e - f u m a r a t e  o x i d o r e d u c t a s e s  t h a t  c a t a l y s e  t h e
i n t e r c o n v e r s i o n  o f  s u c c i n a t e  t o  f u m a r a t e  p l u s  hyd rogen
( r e d u c i n g  e q u i v a l e n t s )  and v i c e  v e r s a . E» c o l l  can
s y n t h e s i s e  two enzymes o f  t h i s  c l a s s ,  f u m a r a t e  r e d u c t a s e  and
s u c c i n a t e  d e h y d ro g e n a s e .  The two enzymes have  s t r i k i n g
s t r u c t u r a l  s i m i l a r i t i e s  bu t  a r e  u n d e r  s e p a r a t e  g e n e t i c
c o n t r o l .  S u c c i n a t e  de hyd roge na se  i s  in d u ce d  a e r o b i c a l l y  and
r e p r e s s e d  a n a e r o b i c a l l y ,  whe reas  f u m a r a t e  r e d u c t a s e  i s  induce d
a n a e r o b i c a l l y  i n  t h e  p r e s e n c e  o f  f u m a r a t e  and r e p r e s s e d  by
oxygen and n i t r a t e  ( H i r s c h  1963, S pe nc e r  & Gues t
1973). Although  bo th  enzymes show bo th  s u c c i n a t e
de h y d ro g e n a s e  and f u m a r a t e  r e d u c t a s e  a c t i v i t y ,  t h e  K and Vm m sx
v a l u e s  a r e  such t h a t  each f a v o u r s  i t s  own r e a c t i o n  ( H i r s c h  
a l . 1963, Spe nc e r  & G ues t  1973, D i c k ie  & Weine r  1979). The 
i n d u c t i o n  /  r e p r e s s i o n  o f  each enzyme i s  such t h a t  both a re  
no t  a c t i v e  unde r  th e  same g rowth c o n d i t i o n s .
1 .4 .1  S t r u c t u r e  of  Fum a ra te  Re duc ta se
The £ .  c o l i  f u m a r a t e  r e d u c t a s e  was f i r s t  i s o l a t e d  by
D i c k ie  & Weine r  (1979)  i n  a  two s u b u n i t  form. P o l y p e p t i d e s  of
M 70 000 and 24 000 i n  a  m o l e c u l a r  r a t i o  o f  1:1 we re  found ,  r
L a t e r  s t u d i e s  (Lemi re  ^  a l .  1982) showed t h a t  two o t h e r  
p e p t i d e s  o f  15 000 and 14 000 we re a l s o  p r e s e n t  i n  a 1:1
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r a t i o  w i th  t h e  o t h e r  two p e p t i d e s .  S t r a i n s  o f  £ .  c o l l  w i th  
a m p l i f i e d  e x p r e s s i o n  have  been  c o n s t r u c t e d  (C o le  & Gues t  1979a 
& b) and a s o l u b l e  f u m a r a t e  r e d u c t a s e  has  been  obse rved  I n  
t h e s e  s t r a i n s .  T h i s  enzyme was i n  t h e  two s u b u n i t  form and 
was s i m i l a r  t o  t h a t  i s o l a t e d  by D i c k i e  & Weine r ,  This  s o l u b l e  
f u m a r a t e  r e d u c t a s e  i s  more l a b i l e  t h a n  t h e  f o u r  s u b u n i t  fo rm, 
t h e  two a nc ho r  p o l y p e p t i d e s  c o n f e r r i n g  some d e g r e e  o f  
s t a b i l i t y  on t h e  enzyme and b e in g  n e c e s s a r y  f o r  membrane 
b i n d i n g  o f  t h e  enzyme. The membranes i n  t h e  f u m a r a t e  
r e d u c t a s e  a m p l i f i e d  s t r a i n s  o f  c o l i  a r e  s a i d  t o  be
s a t u r a t e d  w i t h  t h e  enzyme, a s  t h e  s o l u b l e  form a c cu m u la t e s  i n  
t h e  c y to p la s m .
The f u m a r a t e  r e d u c t a s e  g e n e s  a r e  a r r a n g e d  as  a d i s t i n c t  
o p e ro n  c o n s i s t i n g  o f  a p r o m o t e r - o p e r a t o r  r e g i o n ,  f o u r  c i s t r o n s  
( f r d  A,B,C,D) and a t r a n s c r i p t i o n a l  t e r m i n a t o r .  This  ope ron  
maps c l o s e  t o  t h e  - l a c t a m a s e  gene ( Amo C ) , e n a b l i n g  
a m p l i f i e d  e x p r e s s i o n  t o  be m a i n t a i n e d  by a e r o b i c  growth i n  t h e  
p r e s e n c e  o f  a m p i c i l l i n  (C o le  & G ues t  1979a & b ) . The comple te  
DNA s equence  o f  t h e  c a t a l y t i c  c i s t r o n s  has  been de te rm ine d  and 
used  t o  p r e d i c t  t h e  p r im a ry  s t r u c t u r e  of t h e  s u b u n i t s  (Weine r  
ê X  sX -  1984a f o r  r e v i e w ) .  The f l a v i n  c o n t a i n i n g  s u b u n i t ,  t h e  
p r o d u c t  of  f r d A, c o n s i s t s  o f  602 amino a c i d s  (M^ 66 052) and 
h a s  a n ine  r e s i d u e  s e quenc e  i d e n t i c a l  t o  t h e  FAD b i n d in g  s i t e  
o f  b o v i n e - h e a r t  s u c c i n a t e  d e h yd roge na se .  The i r o n - s u l p h u r
s u b u n i t  has  244 amino a c i d  r e s i d u e s  g i v i n g  an  o f  27 082.
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The non-haem i r o n  and a c i d - l a b i l e  s u l p h u r  c o n t e n t  o f  t h e
p u r i f i e d  enzyme have  been  measu red  a t  4 t o  5 mol each /  mol
enzyme (C o le  e t  a l .  1982) .  From t h e  p r ima ry  s t r u c t u r e  o f  t h e  
i r o n - s u l p h u r  s u b u n i t  i t  h a s  been s u g g e s t e d  t h a t  t h i s  s u b u n i t  
may c o n t a i n  e i t h e r  two b i n u c l e a r  ( [2 F e - 2 S ] )  f e r r e d o x i n  c e n t r e s  
(C o le  a l .  1 9 82 ) ,  o r  a s i n g l e  t e t r a n u c l e a r  ( [ 4 f e - 4 S ] )
f e r r e d o x i n  c e n t r e  (Weiner  e t  a l .  1984a ) .  T h i s  p o l y p e p t i d e  
c h a i n  c o n t a i n s  11 c y s t e i n e  r e s i d u e s ,  10 o f  which a r e  conse rved  
i n  t h e  £ .  c o l i  s u c c i n a t e  dehyd rogenase  (Gues t  a t .  â l .  1984) .  
The f l a v o p r o t e i n  s u b u n i t  a l s o  c o n t a i n s  10 c y s t e i n e  r e s i d u e s  
b u t  t h e s e  a r e  s c a t t e r e d  th rough  t h e  p e p t i d e  and a r e  no t  i n  
d i s t i n c t  c l u s t e r s .  I t  i s  p o s s i b l e  t h a t  t h i s  s u b u n i t  may a l s o
c o n t a i n  an  i r o n - s u l p h u r  c e n t r e ( s )  ( In g ledew & Poole  1984) .
1 . 4 . 2  t i o n . A f_E üm arata_& edü& taaa
The c a t a l y t i c  p o r t i o n  of  t h e  JE., a û l i  f u m a ra t e  r e d u c t a s e  
h a s  been a s s i g n e d  t o  t h e  c y to p l a s m i c  a s p e c t  of  t h e  c y to p l a s m i c  
membrane. The e v id e n c e  f o r  t h i s  i s  as  f o l l o w s :  t h e  two
s u b u n i t  form o f  t h e  enzyme a c cum ula te s  i n  t h e  cy to p lasm  when 
t h e  membranes a r e  s a t u r a t e d  w i th  fu m a ra te  r e d u c t a s e  (Cole  & 
Gues t  1979b) .  Se c ond ly ,  memb rane-impe rmeable  dyes canno t  be 
r a p i d l y  o x i d i s e d  i n  whole c e l l s  by u t i l i s i n g  f u m a r a t e ,  whe reas  
th e y  can  be o x i d i s e d  i n  b roken  c e l l s  ( J o n e s  & G a r la nd  1977) .  
Memb rane-pe rmeable  dyes  can be o x i d i s e d  r a p i d l y  i n  both  whole 
and b ro k en  c e l l s ,  i n d i c a t i n g  t h a t  the  dyes  f eed  e l e c t r o n s
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a n d / o r  p r o t o n s  t o  f u m a r a t e  r e d u c t a s e  o r  a n o t h e r  
e l e c t r o n - t r a n s p o r t  component  l o c a t e d  on t h e  c y t o p l a s m i c  a s p e c t  
o f  t h e  membrane. T h i r d l y ,  Van d e r  P l a a s  jJL. ( 1983) used  
c r o s s e d - i m r a u n o e l e c t r o p h o r e t i c  and im m unoabso rp t ion  t e c h n i q u e s  
t o  show t h a t  a t  l e a s t  p a r t  of  t h e  f u m a r a t e  r e d u c t a s e  was 
l o c a t e d  on t h e  c y t o p l a s m i c  a s p e c t  o f  t h e  c e l l  membrane. They 
d i d  no t  d e t e c t  any a n t i g e n i c  d e t e r m i n a n t s  o f  fu m a ra t e  
r e d u c t a s e  l o c a t e d  on t h e  p e r i p l a s m i c  a s p e c t  o f  t h e  c e l l  
membrane.
R e c e n t l y ,  Weine r  and cowo rke r s  (Lemi re a l .  1983,
Weine r  a t  a l . 1984a & b) have  de te rm in e d  t h e  membrane
s t r u c t u r e  o f  f u m a r a t e  r e d u c t a s e  from e l e c t r o n  m ic ro sc o p e  
s t u d i e s .  They have p i c t u r e d  4 nm ’ knobs '  on n e g a t i v e l y  
s t a i n e d  e v e r t e d  membrane p a r t i c l e s .  They a s s i g n e d  t h e s e  t o  
f u m a r a t e  r e d u c t a s e  because  a f t e r  removal o f  t h e  enzyme 
a c t i v i t y  by u r e a  t r e a t m e n t ,  a r e c o n s t i t u t e d  a c t i v i t y  and 
s t r u c t u r e  was o bse rve d  a f t e r  i n c u b a t i o n  o f  t h e  s t r i p p e d  
membranes w i th  t h e  two s u b u n i t  form o f  t h e  enzyme. 
Chymot ryps in  t r e a t m e n t  removed on ly  t h e  69 k d a l t o n  s u b u n i t  
( f l a v o p r o t e i n  s u b u n i t )  r e v e a l i n g  a 1 nm d i a m e te r  knob which 
was assumed t o  be t h e  i r o n - s u l p h u r  s u b u n i t .  Weine r  æI  a l ,  
(1984a)  have  a l s o  s u g g e s t e d  a membrane i n t r i n s i c  s t r u c t u r e  f o r  
t h e  two ancho r  p o l y p e p t i d e s  by c om pa r i son  to  o t h e r  p r o t e i n s  
w i t h  s i m i l a r  s t r u c t u r a l  f e a t u r e s  and h y d r o p h o b i c i t y  
( f i g . 1 . 3 ) .  The two ancho r  p o l y p e p t i d e s  a p p e a r  to  ancho r  t h e  
c a t a l y t i c  p o r t i o n  o f  fu m a r a t e  r e d u c t a s e  t o  t h e  membrane 
( f i g . 1 . 3 ) .  The s t r u c t u r e  shown by Weine r . s t  a l*  ( 1984a) may
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i n d i c a t e  a t ransmemb raneous  s t r u c t u r e  f o r  t h e s e  two 
p o l y p e p t i d e s .  The e x c e s s  f u m a r a t e  r e d u c t a s e  i n  s t r a i n s  o f  £ .  
c o l i  w i th  a m p l i f i e d  e x p r e s s i o n  o f  t h e  enzyme h a s  been  shown to  
be accommodated i n t o  novel  membraneous s t r u c t u r e s  produced  by 
t h e s e  s t r a i n s  (Weiner  a l  a l«  1984a,  Elmes & Weiner  1 985; 
Lemire  a l  a l .  1983) .
The membrane l o c a t i o n  o f  t h e  c a t a l y t i c  p o r t i o n  i m p l i e s  
t h a t  t h e  s i t e  o f  t h e  t e r m i n a l  r e a c t i o n ,  o f  t h e  f u m a r a t e  
s u p p o r t e d  e l e c t r o n  t r a n s p o r t ,  i s  on th e  c y t o p l a s m i c  a s p e c t  of  
t h e  c e l l  membrane. However, t h e  p o s s i b i l i t y  o f  a p e r i p l a s m i c  
r e a c t i o n  s i t e  canno t  be e x c lude d  i f  t h e  two ancho r  
p o l y p e p t i d e s  a r e  t ransmemb raneous .  The c o n s eq u e n c e s  o f  a
c y t o p l a s m i c  r e a c t i o n  s i t e  a r e ;  t h e  r e q u i r e m e n t  f o r  a
d i c a r b o x y l i c  a c i d  p o r t e r ,  t o  t r a n s p o r t  fum a ra te  i n t o  t h e  c e l l ,  
a s  shown by Kay & Ko rnbe rg  (1971) and a l s o  th e  co n s eq u e n c e s  of
t h i s  on p r o to n  t r a n s l o c a t i o n  d r i v e n  by fum a r a t e  dependen t
e l e c t r o n  t r a n s p o r t .
A Model fo r  the  S t ruc tu re  of 
Fum a ra te  Reductase
FrdA
FrdBCytoplasmic
FrdDFrdC
4ÔÂ
Periplasmic
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F i g u r e  1 .3
Model f o r  t h e  Membrane S t r u c t u r e  o f  F u m a r a t e .R e d u o t a s e
The model p roposed  by Weine r  ^  a l .  (198%),  f o r  t h e  
s t r u c t u r e  o f  f u m a r a t e  r e d u c t a s e  bound t o  t h e  £* .C.ol.1
membranes,  i s  shown. The two c a t a l y t i c  s u b u n i t s  (XMA & B) 
a r e  membrane e x t r i n s i c  on t h e  c y t o p l a s m i c  a s p e c t  o f  t h e  t h e  
membrane. The two a n c h o r  p o l y p e p t i d e s  a r e  shown t o  be 
t ransmemb raneous as  p roposed  by Weine r  ^  a l .  (198%).  The 
l o c a t i o n  o f  t h e  f l a v i n  and t h e  ' t e t r a n u c l e a r *  c e n t r e  (HiPIP)  
a r e  t h o s e  p roposed  by Weine r  âX» (198%), b a sed  on t h e
n u c l e o t i d e  sequence  o f  t h e  f r d A & B codons .
23
1 . 4 , 3  Fum a ra t e  R e d a c ta se g  XroiiL_Qther—Q rganlsnis.
The a b i l i t y  t o  use  f u m a r a t e  a s  an  a l t e r n a t i v e  e l e c t r o n  
a c c e p t o r ,  f o r  e l e c t r o n  t r a n s p o r t  d r i v e n  r e s p i r a t i o n ,  i s  a wide 
s p r e a d  a b i l i t y  among c h e m i o t r o p h i c  a n a e r o b i c  b a c t e r i a .  Most 
o f  t h e  e n t e r o b a c t e r i a . a s  w e l l  as  many o f  t h e  rumen b a c t e r i a ,  
have  t h e  a b i l i t y  t o  u t i l i s e  f u m a r a t e  and d e r i v e  ATP from i t s  
r e d u c t i o n  ( c . f  K roge r  1978 f o r  r e v i e w ) .  Jv lehsl.g l 
ha s  been  shown t o  e x t r u d e  p r o t o n s  on t h e  a d d i t i o n  o f  f u m a r a t e  
w i th  a s t o i c h i o m e t r y  s i m i l a r  to  t h a t  o f  f .  c o l i  (K roge r
1978) .  W o l i n e l l a  (H b jc io )  s u.Q.oiiiog.ej;e,g. i s  t h e  most  w id e ly  
s t u d i e d  o r g a n i s m ,  as  w e l l  as  £ .  ü û lX , which u t i l i s e s
f u m a r a t e  r e s p i r a t i o n .  The e l e c t r o n - t r a n s p o r t  c h a i n  from 
f o rm a te  t o  f u m a r a t e  h a s  been  w e l l  c h a r a c t e r i s e d  i n  t h i s  
o rgan i sm  (Kroge r  1 9 78 ) ,  and a s  f o r  o t h e r  o rg an i s m s  grown unde r  
t h e s e  c o n d i t i o n s ,  t h e  membranes were shown t o  c o n t a i n  J i - type  
c y toch rom es .  Menaquinone o r  desraethyImenaquinone has  been 
shown t o  be n e c e s s a r y  f o r  a c t i v e  e l e c t r o n  t r a n s p o r t  i n  s e v e r a l  
b a c t e r i a  (K roge r  1978 ) .  The f u m a r a t e  r e d u c t a s e  from 
W.auGcinogenes  h a s  been p u r i f i e d  (Unden jgjL al_. 1980) and 
shown t o  c o n s i s t  o f  two p e p t i d e s  o f  M^  79 000 and 31 000,  
though some of  t h e  enzyme c o - p u r i f i e d  w i th  a X - t y p e  
cy toch rome.  The p e p t i d e s  we re  shown t o  be p r e s e n t  i n  a 1:1 
r a t i o  and t h e  h - t y p e  cy toch rome was l a t e r  shown t o  be r e q u i r e d  
i n  a 2 :1  r a t i o  w i t h  t h e s e  p e p t i d e s  f o r  f u l l  a c t i v i t y  (Unden & 
Kroge r  1982) .  The 79 000 d a l t o n  p e p t i d e  b i n d s  1 mol o f  
FAD /  mol enzyme and i t  c o n t a i n s  non-haem i r o n  and a c i d - l a b i l e  
s u l p h u r ,  a s  does  t h e  s m a l l e r  p o l y p e p t i d e .  The non-haem i r o n
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and a c i d - l a b i l e  s u l p h u r  were  a s s i g n e d  t o  one 
i r o n - s u l p h u r  c e n t r e  and one [ 2 F e -2 S ] ^ * ^ ^ * '^ * ^  i r o n - s u l p h u r  
c e n t r e  by e . p . r .  s p e c t r o s c o p y  ( A l b r a c h t  a l .  1981) .  The 
[HFe-%S] c l u s t e r  was l o c a t e d  i n  t h e  79 000 d a l t o n  s u b u n i t  and 
t h e  [2Fe -2S]  c e n t r e  was l o c a t e d  i n  t h e  31 000 d a l t o n  s u b u n i t .  
The enzyme was shown t o  c o n t a i n  two 1 - t y p e  cy toch romes  
( s p e c t r a l l y  s i m i l a r )  w i th  d i f f e r e n t  m i d - p o i n t  p o t e n t i a l s  o f  
-20  raV and -200 mV. M i d - p o i n t  p o t e n t i a l s  o f  t h e  i r o n - s u l p h u r  
c e n t r e s  were m easured  a t  - 5 9  mV ( [ 2 F e - 2 S ] )  and -24  mV 
( [ i}Fe-4S])  though v a l u e s  30 t o  100 raV more n e g a t i v e  were 
o b t a i n e d  u s i n g  m e d i a t o r  dyes  a s  opposed t o  t h e  
s u c c i n a t e / f u m a r a t e  c o u p le  (Unden jgl  a l .  1984) .  This  
e l e c t r o n - t r a n s p o r t  c h a i n  h a s  been  shown t o  f u n c t i o n  i n  
r e c o n s t i t u t e d  l i p o s o m e s  (Unden & K roge r  1982) and must  be 
t a k e n  t o  r e p r e s e n t  t h e  whole  o f  t h i s  s im p le  e l e c t r o n - t r a n s p o r t  
c h a i n .
1 . 4 . 4  S uc c i  nat_e__dehvlragem ga-
c o l i  p o s s e s s e s  two g e n e t i c a l l y  d i s t i n c t ,  
membrane-bound s u c c i n a t e - f u m a r a t e  o x i d o r e d u c t a s e s ,  t h a t  
c a t a l y s e  t h e  i n t e r c o n v e r s i o n  of  f u m a r a t e  and s u c c i n a t e  ( H i r s c h  
a t  a l .  1963,  S pence r  & G u e s t  1973 ) .  S u c c i n a t e  dehydrogenase  
i s  in d u ce d  i n  E c o l i  by a e r o b i c  g rowth  on n o n - f e r m e n t a b l e  
s u b s t r a t e s  ( R u i z - H e r r e r a  & G a r c i a  1 9 72 ) ,  and o x i d i s e s  
s u c c i n a t e  t o  f u m a r a t e ,  d o n a t i n g  e l e c t r o n s  t o  an 
e l e c t r o n - t a n s p o r t  c h a i n .  I t  i s  r e p r e s s e d  by a n a e r o b i o s i s
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( S p e n c e r  & G u e s t  1 9 7 3 ) ,  o t h e r  t h a n  by g rowth  on n i t r a t e  
( I n g l e d e w  & P o o l e  1 9 84 ) .  The enzyme i s  s t r u c t u r a l l y  ve ry  
s i m i l a r  t o  f u m a r a t e  r e d u c t a s e  ( In g l e d e w  & Poo le  1984,  B e i n e r t  
& A l b r a c h t  1 9 8 2 ) ,  c o n t a i n i n g  two c a t a l y t i c  s u b u n i t s  and two 
a n c h o r  p o l y p e p t i d e s  (Condon & Owen 1982a & b, Owen & Condon 
1 9 82 ) ,  The f l a v o p r o t e i n  p o l y p e p t i d e  c o n t a i n s  t h e  same 
c o v a l e n t l y  bound FAD m o ie ty  as  f u m a r a t e  r e d u c t a s e  a s  w e l l  as 
non-haem i r o n  and a c i d - l a b i l e  s u l p h u r .  The i r o n - s u l p h u r  
s u b u n i t  a l s o  c o n t a i n s  t h e s e  c o f a c t o r s .
Most o f  t h e  e . p . r .  s t u d i e s  t o  d a t e  have been pe r fo rmed  on 
t h e  b o v i n e - h e a r t  s u c c i n a t e  d ehyd rogenase  and have  shown t h e  
p r e s e n c e  o f  a t  l e a s t  two i r o n - s u l p h u r  c l u s t e r s  i n  t h i s  enzyme; 
a  H i P I P - ty p e  c e n t r e  and a b i n u c l e a r  f e r r e d o x i n  c e n t r e  (O hn i sh i  
e t  a l . 1976a & b ) . The p r e s e n c e  o f  a second b i n u c l e a r
f e r r e d o x i n  c e n t r e  has  been  shown t o  be d e p e n d en t  upon the  
enzyme p r e p a r a t i o n  ( c . f .  B e i n e r t  & A l b r a c h t  1982 f o r  r e v i e w ) ,  
a s  i s  t h e  p r e s e n c e  of  t h e  HiPIP c e n t r e .  Q u a n t i t a t i o n  of  the  
s p i n  i n t e n s i t y  o f  t h e  e . p . r .  s i g n a l  has  shown an i n c r e a s e  
from 0 . 9  s p i n s  /  f l a v i n ,  when r e d u c e d  w i th  s u c c i n a t e ,  to  1.4 
s p i n s  /  f l a v i n  upon r e d u c t i o n  by d i t h i o n i t e .  The second 
c e n t r e  was p o s t u l a t e d  t o  be more r a p i d l y  r e l a x i n g  t h a n  t h a t  
r e d u c i b l e  by s u c c i n a t e ,  so i t s  f u l l  s p in  i n t e n s i t y  cou ld  not  
be d e t e r m i n e d  b e c a u s e  o f  ex t r eme  l i f e t i m e  b r o a d e n i n g  o f  t h e  
s p e c t r a  ( c . f .  O hn i s h i  1979 f o r  r e v i e w ) .  The two f e r r e d o x i n  
c e n t r e s  (SI & S2) have  been  shown t o  be s p i n  coup led  w i t h  t h e  
r e l i e f  of  s a t u r a t i o n  o f  c e n t r e  SI s p i n s  by t h e  more r a p i d l y  
r e l a x i n g  S2 c l u s t e r  (O hn i sh i  ^  a l .  1976a,  S a l e r n o  &L al_.
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1979b,  O hn i s h i  1 9 79 ) .  The HiPIP c e n t r e  h a s  a l s o  been  shown t o  
i n t e r a c t  w i t h  a s p i n  coup led  u b iq u in o n e  p a i r  and t o  be t h e  
s i t e  o f  i n t e r a c t i o n  o f  t h e  enzyme w i t h  t h e  e l e c t r o n - t r a n s p o r t  
c h a i n  ( In g l e d ew  e t  a l .  1976, S a l e r n o  & O hn ish i  1980 ) .  The 
HiPIP c e n t r e  h a s  r e c e n t l y  been shown t o  be a t h r e e  i r o n  
c l u s t e r  (C3Fe-3S3) by low t e m p e r a t u r e  m ag n e t i c  c i r c u l a r
d i c h r o i s m  s p e c t r o s c o p y  (MOD), a l s o  t h e  p r e s e n c e  of  a [4Fe-4S]  
h a s  been  shown ( J o h n s o n  a l .  1985) b u t  s p i n  q u a n t i t a t i o n  of  
t h i s  c e n t r e  gave  v a l u e s  o f  a p p ro x i m a t e ly  1/10 o f  t h o s e  f o r  SI 
(T.  Ohn i sh i  p e r s o n a l  c om m unica t ion ) .  I t  ha s  been  p o s t u l a t e d  
t h a t  t h i s  c e n t r e  c ou ld  be r e s p o n s i b l e  f o r  t h e  e f f e c t s  seen  on 
SI a t  low redox  p o t e n t i a l s  a s  i t  a l s o  has  a low m i d - p o i n t  
p o t e n t i a l ,
Cammack a l .  (1984)  and Condon a l .  (1985)  have
r e c e n t l y  shown t h a t  t h e  s u c c i n a t e  dehyd rogenase  from £ .  c o l i  
i s  v e r y  s i m i l a r  t o  t h a t  from b o v i n e - h e a r t  m i t o c h o n d r i a .  They 
have r e p o r t e d  s i g n a l s  from a l l  t h r e e  e . p . r .  d e t e c t a b l e  
c e n t r e s  ( S I ,  S2 & S3) t o g e t h e r  w i t h  t h e i r  m i d - p o i n t
p o t e n t i a l s ;  S I ,  10 mV; S2,  -175 mV; S3,  65 mV. C e n t r e s  SI &
S3 a r e  ve ry  s i m i l a r  t o  t h o s e  f rom b o v i n e - h e a r t  s u c c i n a t e
d e h y d ro g e n a s e ,  though S2 has  a  h i g h e r  p o t e n t i a l  ( -4 0 0  mV i n  
b o v i n e - h e a r t  enzyme).  A i i~type cytoch rome was a l s o  r e p o r t e d  
t o  be p r e s e n t  i n  t h e  enzyme p r e p a r a t i o n  a l t h o u g h  no
q u a n t i t a t i o n s  f o r  t h i s  and t h e  i r o n - s u l p h u r  c e n t r e s  were 
p r e s e n t e d .  T h i s  may however  i n d i c a t e  a s i m i l a r i t y  t o  th e  
f u m a r a t e  r e d u c t a s e  from s u c c i n o g e n e s  which c o n t a i n s  two
j^ - ty p e  c y toch rom es .  The m o le c u la r  w e i g h t s  of  t h e  f o u r  enzyme
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s u b u n i t s  we re a l s o  r e p o r t e d  g i v i n g  o f  71 000
( f l a v o p r o t e i n ) ,  26 000 ( i r o n - s u l p h u r  p o l y p e p t i d e ) ,  17 000 and 
15 000 ( a n c h o r  p o l y p e p t i d e s ) .  The s u c c i n a t e  dehy d ro g e n a se  
f rom E Goli  has  t h u s  been  shown t o  be s t r u c t u r a l l y  ve ry  
s i m i l a r  t o  t h a t  of  b o v i n e - h e a r t  m i t o c h o n d r i a  and t h e  f u m a r a t e  
r e d u c t a s e  from £ .  c o l i .
Guest  â l -  (1984)  have shown t h a t  t h e  two enzymes f rom
c o l l  have a l a r g e  d e g r e e  of  homology, by compa r ing t h e  
s e q u e n c e s  o f  t h e  g e n e s  encod ing  t h e  two enzymes. The 
i r o n - s u l p h u r  s u b u n i t s  have  10 o f  11 c y s t e i n e  r e s i d u e s  
c onse rve d  i n  t h r e e  c l u s t e r s ,  though some c o n t a i n  on ly  t h r e e  
r e s i d u e s  and t h u s  w i l l  r e q u i r e  e i t h e r  c y s t e i n e s  from e l s e w h e r e  
o r  n i t r o g e n s  a s  l i g a n d s  t o  form a c t i v e  i r o n - s u l p h u r  c l u s t e r s .  
The FAD b i n d in g  s i t e  i s  s t r o n g l y  c o n s e rv e d  i n  t h e  f l a v o p r o t e i n  
s u b u n i t ,  bu t  t h e  c y s t e i n e  r e s i d u e s  a r e  no t ,  on ly  1 f rom 10 
( f r d )  o r  11 ( sdh )  b e in g  r e t a i n e d ,  which may be t h e  a c t i v e  s i t e  
c y s t e i n e .  T h i s  would seem t o  i n d i c a t e  t h a t  a l l  t h r e e  
i r o n - s u l p h u r  c l u s t e r s  a r e  i n  t h e  i r o n - s u l p h u r  s u b u n i t  r a t h e r  
t h a n  i n  both i t  and t h e  f l a v o p r o t e i n  s u b u n i t .  The ancho r  
p o l y p e p t i d e s  a l s o  show a d e g r e e  of  homology i n  t h e i r  
h y d r o p h o b i c i t y  and bo th  may c o n t a i n  r e g i o n s  of  d - h e l i c e s  t o  
a n c h o r  t h e  enzymes t o  t h e  membranes. These r e g i o n s  may a l s o  
a c t  a s  p r o to n  a n d / o r  e l e c t r o n  c h a n n e l s  (Gues t  ^  al_. 1984 , 
Weine r  ei. âL.  1984a ) .
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1.5 The Study of I r o n - s u l D h u r _ T.,
E l e c t r o n  p a r a m ag n e t i c  r e s o n a n c e  i s  a t e c h n i q u e  which 
e n a b l e s  t h e  s tu d y  o f  t h o s e  redox c e n t r e s  t h a t  c o n t a i n  u n p a i r e d  
e l e c t r o n s  and a r e  thus  p a ra m a g n e t i c .  D i f f e r e n t  red ox  c e n t r e s  
g i v e  t h e i r  own c h a r a c t e r i s t i c  e . p . r .  s p e c t r a ,  dep e n d en t  upon 
t h e  e n v i ronm en t  o f  t h e  e l e c t r o n .  Cytoch romes,  f l a v i n s ,
q u i n o n e s  and i r o n - s u l p h u r  c e n t r e s  can  a l l  be d e t e c t e d  i n  a 
p a r a m a g n e t i c  s t a t e ;  f r e e  r a d i c a l s  i n  t h e  c a se  o f  f l a v i n s  and 
q u i n o n e s  and s p e c f i c  v a l e n c e  s t a t e s  o f  t h e  i r o n  i n  cy to ch romes  
and i r o n  s u l p h u r  c e n t r e s .  Cytochromes can a l s o  be s t u d i e d  by 
e . p . r .  by s p i n - l a b e l l i n g  t h e  haera m o ie ty  w i t h  n i t r i c ,  ox ide  
(NO) t o  o b t a i n  a p a r a m ag n e t i c  s p e c i e s .
I r o n - s u l p h u r  c e n t r e s  were f i r s t  shown t o  be p r e s e n t  i n  
p l a n t s  w i th  t h e  i s o l a t i o n  of  s o l u b l e  p l a n t  f e r r e d o x i n s  which 
c o n t a i n e d  non-haem i r o n  and a c i d - l a b i l e  s u l p h u r  (Davenpo r t  
a l . 1952, Arnon sX. â l .  1957, San P i e t r o  & Lang 1958) .  
Palme r  and cowo rke rs  (Pa lmer & Sands 1966, Palmer ^  a l»  
1966) showed t h a t  e . p . r .  s p e c t r o s c o p y  a t  low t e m p e r a t u r e s  
gave  s i m i l a r  s p e c t r a  from t h e s e  and o t h e r  p r o t e i n s  c o n t a i n i n g  
non-haem i r o n  and a c i d - l a b i l e  s u lp h u r  (g^^ = 1 . 9 4 ) .  The 
u n i f i c a t i o n  o f  t h e  f i e l d  o f  i r o n - s u l p h u r  p r o t e i n s  by t h e i r  
e . p . r .  s i g n a l s  was a majo r  s t e p  fo rw ard  i n  t h e  s tudy  of  t h e s e  
e l e c t r o n - t r a n s p o r t  p r o t e i n s .  These p r o t e i n s  we re  a l l  found t o  
c o n t a i n  two o r  more i r o n  atoms ( i n  m u l t i p l e s  o f  two) .  A model 
f o r  t h e  s t r u c t u r e  of  2 - i r o n  c e n t r e s  was p roposed  by G ibson  sX  
üJL. (1966) ,  i n  which t h e  i r o n  atoms a r e  bonded t o  f o u r  s u l p h u r
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atoms (2  c y s t e i n e  and 2 a c i d - l a b i l e  s u l p h u r s )  i n  t e t r a h e d r a l  
a r r a y s ,  w i th  t h e  two a c i d - l a b i l e  s u l p h u r  a toms b e in g  s h a r e d  by 
bo th  i r o n  atoms ( F i g . 1 . 4 ) .  I n  t h e  o x i d i s e d  s t a t e  bo th  i r o n  
atoms a r e  h i g h ^ s p i n  f e r r i c  (Fe ( I I I ) ) ,  and t h e  c l u s t e r  i s  
d i a m a g n e t i c  and i n  t h e  r e d u c e d  s t a t e  one i r o n  atom becomes 
f e r r o u s  (Fe ( I I ) )  and t h e  c l u s t e r  i s  t h u s  p a ra m a g n e t i c  w i t h  a 
n e t  s p i n  o f  1 / 2 .  L a t e r  a model was p roposed  f o r  t h e  4 - i r o n  
c e n t r e s  i n  which t h e  u n p a i r e d  e l e c t r o n s  cou ld  be p r e s e n t  i n  
e i t h e r  the  r educed  o r  o x i d i s e d  fo rm ,  (1+ o r  3+ s t a t e s ) . A  c u b i c  
s t r u c t u r e  was p roposed  ( f i g . 1 .4 )  w i t h  t h e  i r o n  atoms l i n k e d  by 
a c i d - l a b i l e  s u l p h u r s  and each  l i g a n d e d  t o  a  c y s t e i n e  r e s i d u e  
o f  t h e  p r o t e i n .  The e . p . r .  spect rum  produced  i s  
c h a r a c t e r i s t i c  o f  t h e  two ty p e  o f  i r o n - s u l p h u r  c e n t r e ,  though 
t h e  l a c k  o f  i n f o r m a t i o n  a t  p r e s e n t  p r e v e n t s  i n t e r p r e t a t i o n  of  
t h e  e . p . r ,  s p e c t r a  i n  t e rm s  o f  t h e  s t u c t u r e  o f  t h e s e  
c e n t r e s .
Where more than  one i r o n  atom i s  i n v o lv e d  i n  t h e  c l u s t e r  
t h e r e  i s  s p i n  c o u p l i n g  be tw een  t h e  i r o n  atoms (Pa lm e r  1 9 73 ) ,  
and t h e  n e t  s p i n  f o r  t h e  c e n t r e  d e t e r m i n e s  w h e th e r  i t  i s  
e . p . r .  d e t e c t a b l e .  Odd s p i n s  on ly  a r e  e . p . r .  d e t e c t a b l e  
i . e .  w i th  n e t  s p i n s  o f  1 / 2 ,  3 / 2 ,  5 / 2  e t c . .  The s p i n  c o u p l i n g
be tw een  t h e  h i g h - s p i n  i r o n  atoms i s  c h a r a c t e r i s e d  by t h e  
a n t i f e r r o m a g n e t i c  exchange c o u p l i n g  c o n s t a n t  ( J ) .
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F i g u r e  1 ,4
Types of IrorHSulx>hur.. C-e.ntre.
The p ro p o se d  s t r u c t u r e s  f o r  t h e  s m a l l e r  i r o n - s u l p h u r  
c e n t r e s  a r e  shown. The b i n u c l e a r  f e r r e d o x i n  c l u s t e r  ( t o p )  w i th  
i t s  s p i n  s t a t e s ,  a f t e r  t h e  model o f  G ibson  ^  ( 1 9 6 6 ) ,  i s
shown. The gz a x i s  l i e s  t h ro u g h  t h e  i r o n  atoms and t h e  gx 
a x i s  l i e s  t h ro u g h  t h e  s u l p h u r  a toms.  The t e t r a n u c l e a r  c l u s t e r  
( c e n t r e )  i s  shown w i th  t h e  p o s s i b l e  s p i n  s t a t e s  f o r  t h i s  
c l u s t e r ;  a)  d e n o t e s  t h e  s p i n  s t a t e s  f o r  H i P I P - t y p e  c e n t r e s  and 
b) d e n o t e s  t h e  s p i n  s t a t e s  f o r  f e r r e d o x i n - t y p e  c e n t r e s .  The 
l a c k  o f  knowledge c o n c e r n in g  t h e  r e l a t i o n s h i p  be tw een  e . p . r .  
p r o p e r t i e s  and s t r u c t u r e ,  p r e c l u d e s  t h e  a s s i g n m e n t  o f  g - a x e s  
t o  any g i v e n  d i r e c t i o n .  The t r i n u c l e a r  c l u s t e r  (bo t tom )  i s  
d e p i c t e d  a s  t h e  [3Fe -3S]  t y p e  and i s  shown w i t h  i t s  p o s s i b l e  
s p i n  s t a t e s .  Again g - a x e s  c a n n o t  be a s s i g n e d  t o  t h i s  c e n t r e  
a t  t h e  p r e s e n t  t im e .
( ^ ^ )  -  i r o n  atoms 
( O )  -  s u lp h u r  a toms 
cys  -  c y s t e i n e  r e s i d u e s .
Iron-Sulphur  C lu s te r s
I x>C 2 F eS::0S=1/2
4Fe
5= 1 /2
5=0
5=1/2
a
cys
e z
cys
cys
cys
cys
cys
cys 3 F g
S=V2
5 = 2
cys cys
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1.5.1 Types of Ir^D-JSMlDhvr
I r o n - s u l p h u r  c e n t r e s  c o n t a i n i n g  1,4  and 8 i r o n  atoms have  
been  c h a r a c t e r i s e d  a s  w e l l  a s  t h e  two i r o n  f e r r e d o x i n s ,  and 
a l l  have  been  shown t o  have  t h e  same t e t r a h e d r a l  symmetry 
a b o u t  t h e  i r o n  a tom s .  I t  h a s  been  p roposed  t h a t  t h e  more 
complex c e n t r e s  a r e  composed o f  u n i t s  made-up f rom t h e  s im p l e r  
c e n t r e s  ( F i g . 1 . 4 ) ,  R e c e n t l y  3 i r o n  c e n t r e s  have been r e p o r t e d  
from a c o n i t a s e  and two f e r r e d o x i n s  (Emptage ^  a l .  1980, Kent 
j è t  1982a) which a p p e a r  t o  be p a r a m a g n e t i c  i n  t h e  o x i d i s e d
s t a t e .  I r o n - s u l p h u r  c e n t r e s  of  t h i s  t y p e  have  been  p o s t u l a t e d  
f o r  a  number of  t h e  more d i f f i c u l t  t o  c l a s s i f y  c e n t r e s  i n  t h e  
l i g h t  o f  t h i s  r e c e n t  d i s c o v e r y .  Among t h e s e  i s  t h e  HiPIP 
c e n t r e  f rom s u c c i n a t e  d e h y d ro g e n a s e ,  which h a s  been  shown t o  
be o f  t h i s  t y p e  by m agne t ic  c i r c u l a r  d i c h r o i s m  ( J o h n s o n  jgJt. 
a l .  1985) .
As w e l l  as  t h e  w e l l  c l a s s i f i e d  f u n c t i o n s  o f  i r o n - s u l p h u r  
c e n t r e s  a s  e l e c t r o n - t r a n s f e r r i n g  redox  c e n t r e s ,  t h a t  
p a r t i c i p a t e  i n  r e s p i r a t i o n ,  t h e r e  i s  growing e v id e n c e  f o r  
o t h e r  f u n c t i o n s  f o r  t h e s e  c l u s t e r s .  Some c e n t r e s  have  been  
found t o  f u n c t i o n  a s  o x y g e n a se s  (Sub ram an ian  ^  a l .  1979) and 
o t h e r s  t o  f u n c t i o n  a s  a l l o s t e r i c  r e g u l a t o r s  (Buchanan a l  a l .  
1979) f o r  t h e  a c t i v i t y  o f  o t h e r  enzymes. Thus i r o n - s u l p h u r  
c e n t r e s  may no t  be c o n f i n e d  on ly  t o  t h e  r o l e  o f  e l e c t r o n  
t r a n s p o r t  b u t  may p l a y  a  w id e r  r o l e  i n  t h e  m eta bo l i sm  o f  t h e  
c e l l  i n  g e n e r a l ,  a s  does  t h e  haera m o ie ty  f o r  i n s t a n c e .
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1 . 5 . 2  C l u s t e r r C l u s t e r  and Cl us  t  e r -  8 P i  n J n t a r a o l l  o ns
Where more t h a n  one i r o n - s u l p h u r  c e n t r e  o r  o t h e r  
p a r a m a g n e t i c  s p e c i e s  i s  p r e s e n t  i n  a m o le c u le ,  th e n  
c l u s t e r - c l u s t e r  i n t e r a c t i o n s  can  o c c u r  i f  bo th  o f  t h e  s p e c i e s  
a r e  p a r a m a g n e t i c  and t h e  d i s t a n c e  be tween  t h e  c e n t r e s  i s  not  
t o o  g r e a t  (Mathews a t .  a l .  1974) .  T h i s  i n t e r a c t i o n  i s  
m a n i f e s t  by a  change  i n  t h e  i n t r i n s i c  e . p . r .  p r o p e r t i e s  o f  
t h e  two s p e c i e s .  The i n t e r a c t i o n s  may t a k e  t h e  form of  
m a g n e t i c  d i p o l e - d i p o l e  i n t e r a c t i o n s  o r
e xchange  /  s u p e re x c h a n g e  i n t e r a c t i o n s ,  b u t  u s u a l l y  a m i x t u r e  
o f  bo th  i s  e n c o u n t e r e d  (Mathews a l  a l . 1974) .  The r e s u l t a n t
e . p . r .  b e h a v io u r  i s  o b s e rv e d  a s  s p i n  r e l a x a t i o n ,  as 
d e t e r m i n e d  by r e l i e f  from mic rowave power s a t u r a t i o n  (O h n i sh i  
1979,  Rupp a l  a l .  1978) ,  s p l i t t i n g  o r  b r o a d e n i n g  o f  
r e s o n a n c e s ,  a s  i n  h y p e r f i n e  i n t e r a c t i o n s  (Lowe a l  a l .  1972) 
and by t r i p l e t  e . p . r .  r e s o n a n c e s  (Steenkamp a l  a l .  1978) ,  
v i s u a l i s e d  a s  ’ h a l f - f i e l d '  r e s o n a n c e s  ( -Am^  = 2 ) .  In  t h e  
a b s e n c e  o f  a l a r g e  exc hange  component,  d i s t a n c e s  be tween  th e  
c e n t r e s  c a n  be e s t i m a t e d  which can  g i v e  a u s e f u l  a s s e s s m e n t  of  
p o s s i b l e  e l e c t r o n - t r a n s f e r  pathways ( S a l e r n o  a l  a l .  1979b,  
O h n i s h i  a l  a l .  1982) .  Where exchange i n t e r a c t i o n s  o c c u r ,  t h e  
f e a s i b i l i t y  o f  e l e c t r o n - t r a n s f e r  i s  shown by t h e  n a t u r e  o f  t h e  
i n t e r a c t i o n .  M agnet ic  i n t e r a c t i o n s  w i th  i r o n - s u l p h u r  c e n t r e s  
a r e  no t  l i m i t e d  t o  t h o s e  between  i r o n - s u l p h u r  c e n t r e s  a lo n e  
b u t  c a n  o c c u r  w i t h  o t h e r  s p e c i e s  such  as  f l a v i n  (O h n i sh i  a t  
a l . 1 9 81 ) ,  s e m iq inone  ( R u z ic k a  a l  a l. 1975) and molybdenum 
( Lowe a l  a l . 1972) .
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S p a t i a l  r e l a t i o n s h i p s  be tw een  t h e  c e n t r e s  and t h e i r  
l o c a t i o n  w i t h i n  membranes ( s i d e d n e s s ) ,  c a n  be a s c e r t a i n e d  by 
t h e  u se  o f  p a r a m a g n e t i c  p r o b e s  ( c . f  O hn ish i  1979 f o r  r ev ie w )  
such  as  G d ( I I I ) ,  N i ( I I ) a n d  D y ( I I I )  i o n s .  These p r o b e s  a r e  
i n e r t ,  membrane imperm eab le  and by t h e i r  l a r g e  m a g n e t i c  d i p o l e  
c a u se  s p i n - s p i n  i n t e r a c t i o n s ,  so can t h u s  be used t o  e s t i m a t e  
d i s t a n c e s  o f  t h e  redox  c e n t r e  from t h e  membrane o r  p r o t e i n  
s u r f a c e .  These d i s t a n c e s  have  t o  be t a k e n  a s  e s t i m a t e s  o n l y ,  
a s  t h e r e  can be t h e  p o s s i b i l i t y  o f  l a r g e  e r r o r s  a t t a c h e d  t o  
them, which a r i s e  f rom t h e  a s s u m p t io n s  made t h a t  t h e
i n t e r a c t i o n s  a r e  l a r g e l y  d i p o l a r  i n  n a t u r e .  The mechanism of  
i n t e r a c t i o n  i s  n o t  u s u a l l y  known. However, i n  t h e  a b s en c e  of  
d a t a  on t h e  s t r u c t u r e  of  t h e s e  r e d o x  p r o t e i n s ,  they can
p r o v i d e  u s e f u l  i n f o r m a t i o n  a bou t  t h e  p o s s i b l e  pathways o f  
e l e c t r o n - t r a n s f e r  and r edox  mechanisms ,  and s e r v e  a s  a g u i d e  
t o  f u r t h e r  s t r u c t u r a l  d e t e r m i n a t i o n s .
A f u r t h e r  deve lopment  i n  t h i s  a r e a  i s  t h e  p r o d u c t i o n  o f  
o r i e n t e d  m u l t i l a y e r s  f rom t h e  b i o l o g i c a l  s t r u c t u r e  u n d e r  
c o n s i d e r a t i o n  e . g .  m i t o c h o n d r i a l  and b a c t e r i a l  membranes.  
The o r i e n t a t i o n  of  t h e  g - t e n s o r s  o f  t h e  pa ramagne t  can be 
deduced  by t h e  de pendence  o f  t h e  e . p . r .  s i g n a l  on t h e
d i r e c t i o n  o f  t h e  m a g n e t i c  f i e l d ,  wi th  r e s p e c t  t o  t h e
o r i e n t a t i o n  o f  t h e  m u l t i l a y e r s .  Th is  h a s  been  done
s u c c e s s f u l l y  f o r  haem and i r o n - s u l p h u r  p r o t e i n s  i n
m i t o c h o n d r i a  ( E r i c i n s k a  ^  .a l . 1978a & b, S a l e r n o  ^  a l..
1979a)  and f o r  a u b i s e m iq u in o n e  p a i r  f rom t h e  b o v i n e - h e a r t
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s u c c i n a t e  d e h y d ro g e n a se  complex (O h n ish i  1979, S a le r n o  ^  aL. 
1977, 1 9 7 9 a ) .
At p r e s e n t  t h e  s t r u c t u r e  o f  on ly  a few i r o n - s u l p h u r  
p r o t e i n s  h a s  been  d e te rm in e d  ( c . f .  Adman 1979 f o r  r e v i e w ) ,  so 
t h e  r e l a t i o n s h i p  betw een s t r u c t u r e  and f u n c t i o n  i s  no t  w e l l  
d e f i n e d .  Fo r i n s t a n c e ,  th e  d i f f e r e n c e  i n  s t r u c t u r e  of 
[4 F e -4 S ]  c e n t r e s  t h a t  makes some th e  H iP IP - ty p e  (3+) and 
o t h e r s  t h e  f e r r e d o x i n  ty p e  (1+) i s  n o t  f u l l y  u n d e r s to o d ,  bu t 
t h e  r o l e  o f  h yd rogen  bonds be tw een  s u lp h u r  atoms o f  th e  
c e n t r e s  and n i t r o g e n s  o f  t h e  am in o -ac id  s i d e - c h a i n s ,  has  been 
p ro p o se d  a s  a c a u se  o f  th e  d i f f e r i n g  redox  b e h a v io u r  (Adman
1 9 7 9 ) .  I n f o r m a t io n  on th e  mechanism o f  e l e c t r o n - t r a n s f e r  
r e a c t i o n s  i n v o lv i n g  i r o n - s u l p h u r  p r o t e i n s  i s  s t i l l  a l s o  v e ry  
l i m i t e d  ( B e i n e r t  1982) ,  though some r a p i d  e l e c t r o n - t r a n s f e r  
m echanism s have  been  o b se rv e d .
1 .6  O b j e c t i v e s  o f  t h i s  R esea rch
The o b j e c t i v e  o f  t h i s  r e s e a r c h  has  been  t o  s tu d y  th e  
f u m a r a te  r e d u c t a s e  from E, c o l i . lo o k in g  p a r t i c u l a r l y  a t  i t s  
p r o s t h e t i c  g ro u p s  u s in g  th e  t e c h n iq u e s  o f  e . p . r ,
( i r o n - s u l p h u r  c e n t r e s  and f l a v i n )  and f l u o r e s c e n c e  ( f l a v i n  
o n l y ) . The enzyme s u c c i n a t e  d e h y d ro g e n a se ,  a  member o f  th e  
same c l a s s  o f  enzymes ( s u c c i n a t e  : f u m a r a te  o x id o r e d u c ta s e  
B .C .1 . 3 . 9 9 . 1 ) was used  a s  a  model f o r  two r e a s o n s .  F i r s t l y ,  
t h i s  enzyme h a s  been e x t e n s i v e l y  s tu d i e d  by e . p . r .
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( b o v i n e - h e a r t  m i t o c h o n d r i a l  enzyme) and co u ld  p ro v id e  g u id e  
l i n e s  f o r  s u b j e c t i v e  r e s e a r c h .  S econd ly ,  a s  a  member o f  th e  
same c l a s s  o f  enzymes, s u c c i n a t e  dehy d ro g en ase  c a t a l y s e s  t h e  
same r e a c t i o n ,  a l b e i t  i n  r e v e r s e ,  so com pa r ison  o f  t h e  two 
enzymes may y i e l d  i n s i g h t s  i n t o  th e  d i f f e r i n g  a b i l i t i e s  o f  th e  
two enzymes t o  c a t a l y s e  t h e s e  r e v e r s e  r e a c t i o n s .  I n f o r m a t io n  
c o n c e rn in g  t h e i r  d i f f e r i n g  r o l e s  a s  e l e c t r o n - t r a n s f e r  
p r o t e i n s ,  w i th  r e s p e c t  t o  t h e i r  s e p a r a t e  e l e c t r o n - t r a n s p o r t  
c h a i n s ,  may a l s o  be g a in e d  from a com pa r ison  o f  d i f f e r e n c e s  i n  
t h e i r  redox  b e h a v io u r .
Most o f  t h e  e . p . r .  was perfo rm ed  on  a s t r a i n  o f  c o l i  
t h a t  c o n t a i n s  a m p l i f i e d  e x p r e s s i o n  o f  t h e  fu m a r a te  r e d u c t a s e .  
T h is  e n a b le d  t h e  enzyme to  be s tu d i e d  i n  s i t u  on th e  
c y to p la s m ic  membrane. S u c c in a t e  dehyd rogenase  has  been th e  
s o u r c e  o f  some c o n t r o v e r s y  c o n c e rn in g  th e  number o f  i t s  
b i n u c l e a r  i r o n - s u l p h u r  c e n t r e s  ( c . f .  A lb r a c h t  1980 f o r  
r e v i e w ) .  The number and d e t e c t a b i l i t y  of  t h e  second (low 
p o t e n t i a l )  f e r r e d o x i n  seems t o  be dependen t  on th e  enzyme 
p r e p a r a t i o n  o f  s u c c i n a t e  d e hyd rogenase .  In  s tu d y in g  t h e  
f u m a r a t e  r e d u c t a s e  i n  th e  membrane bound fo rm , i t  was hoped t o  
overcome any a n o m a lie s  t h a t  may a r i s e  i n  p u r i f y i n g  th e  enzyme 
and so  g a in  a c l e a r  p i c t u r e  o f  th e  number and ty p e  of 
i r o n - s u l p h u r  c e n t r e s  p r e s e n t  i n  t h i s  enzyme. The f l a v i n  
m o ie ty  was a l s o  s tu d i e d  a s  t h i s  i s  t h e  s i t e  o f  i n t e r a c t i o n  
w i th  th e  s u b s t r a t e  ( f u m a r a t e / s u c c i n a t e ) . Changes i n  th e  
p r o p e r t i e s  o f  t h i s  p r o s t h e t i c  g roup  may p ro v id e  i n f o r m a t io n  on 
t h e  d i f f e r i n g  r e a c t i v i t i e s  o f  t h e  two enzymes tow a rd s  fu m a ra te
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and s u c c i n a t e .
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CHAPTER TWO
M a t e r i a l s  and Methods
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2.1  O rganisms
The E s c h e r i c h i a  c o l i  s t r a i n s  used  i n  t h i s  r e s e a r c h  a r e  
shown i n  T a b le  2 . 1 ,  t o g e t h e r  w i th  t h e i r  g e n e t i c  
c h a r a c t e r i s t i c s .  S t r a i n  JRG1031 was u sed  p r i m a r i l y  f o r  t h e  
e . p . r .  s p e c t ro s c o p y  w ith  EMG2 a s  a c o n t r o l  s t r a i n .  A ll  
s t r a i n s  were k e p t  as  s to c k  c u l t u r e s  on n u t r i e n t  a g a r  s l o p e s .  
JRG1031 had 800 n g / w l  o f  a m p i c i l l i n  added to  r e t a i n  th e  
e x p r e s s i o n  of  th e  /5 - l a c ta m a s e  d e p e n d en t  p la s m id .
2,2 Orow.th.. Media..and. Growth, of_0iLLiurj3J3.
Growth o f  b a tc h  c u l t u r e s  was e i t h e r  on g l y c e r o l / f u m a r a t e  
medium s i m i l a r  to  t h a t  o f  S p en ce r  & G uest  (1 9 7 3 ) ,  o r  on 
n u t r i e n t  b r o th .  The g l y c e r o l / f u m a r a t e  medium c o n ta in e d  th e  
f o l l o w in g :
p o tass iu m  p h o sp h a te  (mono b a s i c )  3 .0  g / 1 ,  p o ta s s iu m  
p h o sp h a te  ( d i b a s i c )  12.0  g / 1 ,  ammonium s u l p h a t e  2 .0  g / 1 ,  
fu m a r ic  a c id  5 .8  g / 1 ,  p o ta ss iu m  h y d ro x id e  5 .3  g / 1 ,  a c id  
h y d r o ly s e d  c a s e i n  1 .0  g / 1 ,  g l y c e r o l  5 m l /1 ,  t r a c e  m e ta l s  
1 m l/1  50mM ammonium m o ly b d a te  /  p o ta s s iu m  b i s e l e n i t e  1 m l /1 ,  
pH 7 . 2 .
The n u t r i e n t  b ro th  c o n ta in e d  th e  f o l lo w in g :
p o tass ium  p h o sp h a te  (m o n o -b a s ic )  3 .0  g / 1 ,  p o ta s s iu m  
p h o sp h a te  ( d i b a s i c )  12.0  g / 1 ,  y e a s t  e x t r a c t  5 .0  g / 1 ,  p e p to n e  
10 .0  g / 1 ,  pH 7 . 2 .
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T a b le  2.1
Ch araQterlstlc3_ of_ B a c t  e r i  a l  S t r a î n a
S t r a i n .Ch,ar,aQt.er.i,stin Sourog.
EMG2 P r o to t r o p h M. Peacey , E d inbu rgh
JRG1031 Spon taneous  m u tan t  o f  JRG997 
11%, mfitB-, a a c A l ,  ,
J .R .  G u e s t ,  S h e f f i e l d
f r d ^ , ndh.^, t o l e r a t e s  
a m p i c i l l i n  t o  800 //g/ml
CBT38 l a n B l ,  l a d L L ,  d n t B l ,  b l M 2 , £ .  c o l i  G e n e t ic
r .paL jZ9, t h i r l , S to c k  C e n t r e ,  Y ale
CBT312 s d h -2 ,  rp sL 1 2 9 ,  d c tA 2 . th l - 1 U n i v e r s i t y  S chool
CBT313 a.dhr2 , r.DsL.12.9., d c t M ,  t h i r l o f  M ed ic in e ,  New
CBT315 a d h - 2 ,  ,r p e l  12.9, d.ctA5 , t h i - . l , Haven, Conn. 06510 ,
U.S.A.
A b b r e v ia t io n s .  The g e n e t i c  n o m e n c la tu r e  confo rm s to  th e  
recom m endation  o f  Demerec n t .  a l .  ( 1 9 6 8 ) .  I h e  s t r u c t u r a l  
g e n e s  a r e  a b b r e v i a t e d  as  f o l lo w s :  f r d . f u m a ra te  r e d u c t a s e ;
s d h . s u c c i n a t e  d e h y d ro g e n a se ,  and d o t ,  d i c a r b o x y l i c  a c id  
t r a n s p o r t e r .
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Growth f o r  e . p . r .  s p e c t r o s c o p y  was i n  b a tc h  c u l t u r e s  o f  
201 o f  th e  g l y c e r o l / f u m a r a t e  medium. 200ml o f  n u t r i e n t  b r o th  
( p l u s  800 (Ug/ml o f  a m p i c i l l i n  f o r  JRG1031) was i n o c u l a t e d  by 
l o o p - t r a n s f e r  from  a c u l t u r e  of t h e  b a c t e r i a l  s t r a i n  on a 
n u t r i e n t  a g a r  p l a t e .  T h is  c u l t u r e  was th e n  grown a e r o b i c a l l y  
f o r  I 8 h r s  a t  37°C b e f o r e  b e in g  u se d  a s  an  i n o c u l a  f o r  th e  
b a tc h  c u l t u r e .  The b a tc h  c u l t u r e s  w ere  grown i n  s to p p e r e d  
v e s s e l s ,  w i th  g e n t l e  s t i r r i n g  a t  37°C f o r  I 8 h r s .  C e l l s  were 
h a r v e s t e d  by c o n t in u o u s - f lo w  c e n t r i f u g a t i o n  a t  18 000 r . p . m . , 
u s in g  an M.S.E. c o n t in u o u s - f lo w  r o t o r  ru n n in g  i n  an  M.S.E. 
H ighspeed  18 c e n t r i f u g e ,  w i th  a f lo w  r a t e  of a p p ro x im a te ly  
250 m l/m in . The c e l l s  were  washed tw ic e  by r e s u s p e n s io n  i n  
p o ta s s iu m  p h o sp h a te  b u f f e r  (20mM, pH 7 .2 )  and c e n t r i f u g a t i o n  
a t  9 OOOg f o r  20m in, a t  4°C. The c e l l  p a s t e  was f r o z e n  i n  
l i q u i d  Ng and s t o r e d  a t  -30^C u n t i l  r e q u i r e d ,  u n l e s s  f r e s h  
w hole  c e l l s  were r e q u i r e d ,  when t h e  c e l l  p a s t e  was used  
im m e d ia te ly  f o r  e x p e r i m e n t a t i o n .
F r e s h  c e l l s  f o r  th e  enzyme a s s a y s  w ere  grown, a t  3 7 ^C, 
e i t h e r  on th e  g l y c e r o l / f u m a r a t e  medium or on n u t r i e n t  b r o th  
c o n t a i n i n g  g lu c o s e  (0.5% w / v ) , i n  500ml b o t t l e s  f i l l e d  t o  th e  
neck . I n o c u la  (5ml) were  o f  c e l l s  grown a n a e r o b i c a l l y  on 
n u t r i e n t  b r o th ,  a t  37°C f o r  i B h r s .  The c e l l s  f o r  t h e  a s s a y s  
were h a r v e s t e d  by c e n t r i f u g a t i o n  (9 OOOg f o r  20min) u s in g  a 
G .S .A . r o t o r  o f  a  S o rv a l  R.C.3B S u p e rsp e e d  c e n t r i f u g e ,  a f t e r  
I 8 h r s  g ro w th .  They were washed tw ic e  by r e s u s p e n s io n  i n
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p o ta s s iu m  p h o s p h a te  b u f f e r  (20mM, pH 7 .2 )  and c e n t r i f u g a t i o n  
a s  d e s c r i b e d  above .
2.3 BxigparAtigJi .of. Membrane, fartj.cl.gg
Membrane p a r t i c l e s  ( e l e c t r o n  t r a n s p o r t  p a r t i c l e s ,  ETPs) 
w ere  p re p a r e d  by F rench  P r e s s u r e  C e l l  t r e a tm e n t  of th e  £,. 
c o l i . C e l l s  we re  thawed and re s u s p e n d e d  by h o m o g e n is a t io n  i n  
TES b u f f e r  (20mM, pH 7 .2 )  c o n t a i n i n g  EDTA (5mM), t o  a 
c o n c e n t r a t i o n  o f  a p p ro x im a te ly  0 .1  g c e l l s / m l .  DNase I  (20 
^ g / m l ,  Sigma Chem. C o . ,  P.O.Box 14508, S t .  L o u is ,  Mo 63178) 
was added and t h e  s u s p e n s io n  was s u b j e c t e d  t o  two p a s s a g e s  
th ro u g h  a F re n ch  P r e s s u r e  C e l l  (A m erican  I n s t r u m e n t  C o . ,  
S i l v e r  S p r in g  M aryland 2 0 9 1 0 ) ,  a t  a p p ro x im a te ly  120MPa. 
Unbroken c e l l s  and c e l l  d e b r i s  were removed by c e n t r i f u g a t i o n  
a t  9 OOOg f o r  15min, a t  4°C. The s u p e r n a t a n t  was d e c a n te d  and 
s u b j e c t e d  t o  c e n t r i f u g a t i o n  a t  124 OOOg f o r  1 , 5 h r s ,  a t  4°C i n  
t h e  8 X 50ml r o t o r  o f  an M.S.E. P r e p s p in  50 u l t r a c e n t r i f u g e .
The p e l l e t  was washed once by r e s u s p e n s io n  i n  t h e  same b u f f e r
and c e n t r i f u g a t i o n  a s  d e s c r ib e d  above . The membranes w ere
r e s u s p e n d e d  to  a f i n a l  c o n c e n t r a t i o n  of  a p p ro x im a te ly  1OOmg/ml 
i n  t h e  same b u f f e r  and f r o z e n  i n  and s t o r e d  u n d e r  l i q u i d  
u n t i l  r e q u i r e d .
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2 .4  B i r i f l .catl .oil.g f - J m a a r a te . .  Redugiaag.
The two s u b u n i t  form o f  fu m a r a te  r e d u c t a s e  was p u r i f i e d  
by T r i t o n  X100 . (Sigma) e x t r a c t i o n  and ch ro m ato g rap h y  on 
p h e n y l - s e p h a r o s e  (P h a rm a c ia  F in e  C h em ica ls ,  U p p sa la ,  Sweden) 
a s  d e s c r i b e d  by D ic k ie  & W eine r  (1 9 7 9 ) ,  w i th  t h e  i n c l u s i o n  of  
sodium  s u c c i n a t e  (15mM) i n  th e  column e l u t a n t .  The peak o f  
enzyme a c t i v i t y  from th e  p h e n y l - s e p h a r o s e  column was 
c o n c e n t r a t e d  a p p ro x im a te ly  2 0 - f o l d  by u l t r a f i l t r a t i o n  w i th  an 
XM100 membrane (Amicon C o r p . ,  B os ton , M a s s . ) .  To remove th e  
sodium c h o l a t e  from t h i s  f r a c t i o n  i t  was a p p l i e d  t o  a  column 
o f  S e p h a c ry l  S-200 ( P h a rm a c ia ) ,  e q u i l i b r a t e d  w i th  
T r i s - p h o sp h a te  b u f f e r  (50mM, pH7.0) c o n ta i n in g  d i t h i o t h r e i t o i
(0.2mM) and sodium  s u c c i n a t e  (15mM), and e l u t e d  w i th  th e  
same. The peak  o f  fu m a r a te  r e d u c t a s e  a c t i v i t y  was 
c o n c e n t r a t e d  a p p ro x im a te ly  2 0 - f o l d ,  a s  d e s c r i b e d ,  to  y i e l d  th e  
f r a c t i o n  used  f o r  e x p e r i m e n t a t i o n  ( t y p i c a l l y  0 . 1 5mM, 2 .0 m l ) .  
T h is  f r a c t i o n  was f r o z e n  i n  and s t o r e d  unde r  l i q u i d  u n t i l  
r e q u i r e d .
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2 .5  EmymQ. Ac^lyJLfcleja.
2 .5 .1  Fumara.tg_J&eAiclaag
F um ara te  r e d u c t a s e  a c t i v i t y  was m easured
s p e c t r o s c o p i c a l l y  a t  30^C by f o l lo w in g  th e  r e o x i d a t i o n  o f  
r e d u c e d  b e n z y l  v io lo g e n  (m o la r  e x t i n c t i o n  c o e f f i c i e n t ,  
7 . 7 8  X  10^ cm” ^ ) ,  u s in g  th e  method o f  Spence r  & G u es t  (1973) 
m o d i f ie d  as  f o l l o w s ;  b e n z y l  v io lo g e n  (120 uM) was r ed u c e d  by 
t i t r a t i o n  w i th  a f r e s h l y  p r e p a r e d  s o l u t i o n  o f  sodium 
d i t h i o n i t e ,  to  g iv e  an a b s o rb a n c e  a t  550nm o f  0 .8  to  0 . 9 .  
F u m a ra te  ( f i n a l  c o n c e n t r a t i o n  up to  15mM) o f  o t h e r  s u b s t r a t e s  
and i n h i b i t o r s  w ere  added and th e  r a t e  of b a s a l  o x i d a t i o n  was 
f o l lo w e d  f o r  5 m in u te s  b e f o r e  th e  r e a c t i o n  was i n i t i a t e d  by 
th e  a d d i t i o n  o f  c e l l s  o r  FTP. The b u f f e r  was p o tass ium  
p h o s p h a te  (50mM, pH 7 . 5 ) ,  which had been d e -o x y g e n a te d  by 
b u b b l in g  w ith  0^ f r e e  ( B r i t i s h  Oxygen C o . ) .  S to p p e re d
c u v e t t e s  w i th  a l i g h t - p a t h  of 1 cm were  used , t h e  s to p p e r  had a 
f i n e  h o l e  d r i l l e d  th ro u g h  i t  t o  f a c i l i t a t e  th e  a d d i t i o n  of 
sam p les  u s in g  a m ic r o - s y r i n g e .  The r e a c t i o n  volume was 
3 .2 5 m l.  Two mol. o f  b e n z y l  v io lo g e n  r e a c t  pe r  mol. o f  
fu m a r a t e  red u c e d .
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2 . 5 . 2  .Qxldas.e, Ac t i y l t i  eg.
S u b s t r a t e  d e penden t  o x id a s e  a c t i v i t i e s  we re  m easu red  a t  
30°C u s in g  a Cl a r k - t y p e  oxygen e l e c t r o d e  (Rank B r o s , , 
B o t t i s h a m ,  Cam b ridge, U .K .) .  The b u f f e r  used was p o ta s s iu m  
p h o s p h a te  (50mM, pH 7 . 5 ) ,  a l l  s u b s t r a t e s  were 5mM ( f i n a l  
c o n c e n t r a t i o n )  and th e  c e l l s  o r  ETP were a p p ro x im a te ly  0.25mg 
p r o t e i n / m l  ( f i n a l  c o n c e n t r a t i o n  i n  3ml r e a c t i o n  v o lum e) .  The 
c e l l s  o r  ETP w ere  i n c u b a te d  i n  t h e  e l e c t r o d e  f o r  5 m in u te s ,  to  
m easu re  th e  b a s a l  o x i d a t i o n ,  b e f o r e  a d d i t i o n  o f  th e  
s u b s t r a t e .
2.5.3 Succinate. dehydrj3g.enas.e
S u c c in a t e  d eh y d ro g en ase  a c t i v i t y  was m easu red  e s s e n t i a l l y  
a s  d e s c r ib e d  by Spence r  & G uest  (1 9 7 3 ) ,  f o l lo w in g  th e  
r e d u c t i o n  o f  2 ,6  d i c h lo r o p h e n o l  in d o p h en o l  (m o la r  e x t i n c t i o n  
c o e f f i c i e n t  21 x 10^ cm"^) ,  s p e c t r o s c o p i c a l l y  a t  600nm. The 
b u f f e r  used was p o tass iu m  p hospha te  (50mM, pH 7 . 5 ) ,  bubb led  
w i th  Og f r e e  to  remove th e  oxygen and th e  r e a c t i o n  volume 
was 3 .25m l.  The r e a c t i o n  m ix tu r e  i n  s to p p e r e d  c u v e t t e s  
c o n ta i n e d :  p o ta ss iu m  c y a n id e  (ImM, n e u t r a l i s e d  w i th  H C l) ;
DCPIP (0 .2m g);  PMS (2mg); sodium s u c c i n a t e  (up to  15mM) and 
e i t h e r  c e l l s  o r  ETP (a p p ro x im a te ly  0.25mg p r o t e i n / m l ) . The 
b a s a l  r a t e  of o x i d a t i o n  was fo l lo w e d  f o r  5 m in u te s  b e f o r e  
i n i t i a t i n g  th e  r e a c t i o n  by a d d i t i o n  o f  th e  sodium s u c c i n a t e .
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2 .6  E m p l r le a l  D e te r m in a t io n s
2.6.1 .Aclji.. .npjir.extr.ac..t.abl.e. ,.F1 ay in
The a c id  n o n - e x t r a c t a b l e  c o n te n t  o f  ETP and th e  p u r i f i e d  
enzyme was m easured  s p e c t r o s c o p i c a l l y  u s in g  th e  method o f  
W ilson  & King ( 1 9 6 4 ) ,  c o r r e c t i n g  f o r  a c id  e x t r a c t a b l e  f l a v i n  
c o n ta m in a t io n .  A m o la r  e x t i n c t i o n  c o e f f i c i e n t  (450nra) o f  
10,3  X 10^ cm  ^ was u sed  f o r  FAD. The change i n  a b s o rb a n c e  a t  
450nm was computed a s  shown by W ilson  & King (1 9 6 4 ) :
/ . o x  . r e d  v , .ox  . r e d  »
( 4 5 0  “ 450  ^ ” ( 5 3 0  " 530 ^
The f l u o r e s c e n c e  o f  h y d r o l i s e d  sam ples  and FMN s t a n d a r d s  
( f i g . 2 .1 )  was m easured  w i th  e x c i t a t i o n  w a v e len g th  o f  4 5 0 nm and 
e m is s io n  w a ve leng th  o f  5 2 0 nm. The e x c i t a t i o n  s l i t w i d t h  was 
5nra and th e  e m is s io n  s l i t w i d t h  was lOnm. The t o t a l  a c id  
e x t r a c t a b l e  f l a v i n  was d e te rm in e d  from  th e  f o l lo w in g  e q u a t io n :
Cone. a c id  e x t r a c t a b l e  f l a v i n  = ( e q u i v a l e n t  conc . FMN, 
pH 3 . 2 ) -  ( e q u i v a l e n t  conc . FMN, pH 7 .4 )
The a c id  n o n - e x t r a c t a b l e  f l a v i n  o f  th e  sam ple was o b ta in e d  
u s in g  th e  fo l lo w in g  e q u a t io n :
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Btandar,d...Ciirygj,Jl.aylJL..D.e.termlnatlpn
The change i n  f l u o r e s c e n c e  i n t e n s i t y  (pH3.2  -  pH 7.4 , 
o x i d i s e d  minus r e d u c e d  f o r  bo th  p H s ) , a t  5 2 0 nm, i s  shown
v e r s u s  th e  c o n c e n t r a t i o n  o f  th e  FMN s t a n d a r d s .  The e q u i v a l e n t  
c o n c e n t r a t i o n  o f  th e  s t a n d a r d  was t a k e n  to  be t h e  t o t a l
c o n c e n t r a t i o n  o f  f l a v i n .  T h is  v a lu e  was th e n  c o r r e c t e d  f o r
c o n ta m in a t io n  by a c i d - e x t r a c t a b l e  f l a v i n ,  as  d e s c r i b e d  i n  th e
t e x t .  A f r e s h  s t a n d a r d  c u rv e  was c o n s t r u c t e d  f o r  each s e t  of 
a s s a y s .
s t a n d a r d  Curve, Flavin Determinat ion
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Acid n o n - e x t r a c t a b l e  f l a v i n  = ( f l a v i n  d e te rm in e d
s p e c t r o p h o t o m e t r i c a l l y )  -  ( f l a v i n  d e te r m in e d  f l u o r i m e t r i c a l l y )
where th e  t o t a l  f l a v i n  m inus t h e  a c id  e x t r a c t a b l e  f l a v i n  
( c o n ta m in a n t )  g a v e  th e  t r u e  v a lu e  f o r  t h e  a c id  n o n - e x t r a c t a b l e  
f l a v i n  o f  th e  sam ple .
2.6.2 1Îon-Haem., .Iron
The non-haem i r o n  c o n t e n t  o f  th e  ETP was m easu red ,  
s p e c t r o s c o p i c a l l y  by th e  method o f  King jsJl nJL. ( 1 9 6 4 ) .  
I r o n ( I I )  s u l p h a t e  was used  t o  c o n s t r u c t  a s t a n d a r d  c u rv e  
( f i g . 2 . 2 ) .  A l l  g l a s s w a r e  used  was washed w i th  HCl (2M) and 
d i s t i l l e d  w a te r  p a s se d  th ro u g h  a d e i o n i s e r .  A ll  r e a g e n t s  were  
p r e p a r e d  u s in g  d e i o n i s e d ,  d i s t i l l e d  w a te r  and c a r e  was t a k e n  
t o  e x c lu d e  d u s t  and o t h e r  c o n ta m in a n t s  from a l l  a p p a r a t u s .  
The same s e t  o f  a p p a r a t u s  was used  f o r  each s e t  o f  
d e t e r m i n a t i o n s  a s  t h i s  was c o n s id e r e d  l e s s  l i k e l y  to  c o n ta i n  
any c o n ta m in a t io n ,  h a v in g  been  th ro u g h  th e  c l e a n in g  
p ro c e d u r e .
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jS tandar.d. I).e.t.erini nation
The method o f  King jaL a l .  (1964) was u sed  f o r  th e
d e t e r m i n a t i o n  o f  non-haera i r o n .  The s t a n d a r d  c u rv e  f o r
a b s o rb a n c e  a t  535nm v e r s u s  th e  c o n c e n t r a t i o n  o f  i r o n  (ng
a t o m /m l ) i s  shown f o r  t h e  i r o n  ( I I )  s u lp h a t e  s t a n d a r d s .  The
i r o n  c o n c e n t r a t i o n  was e s t i m a t e d  d i r e c t l y  from th e  c u rv e ,  t h e n
c o r r e c t e d  f o r  any d i l u t i o n  f a c t o r s .  A f r e s h  s t a n d a r d  c u rv e  
was c o n s t r u c t e d  f o r  each s e t  of a s s a y s .
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2 . 6 . 3  A3lfirL&bil.G_ ^UlptmCL
A c l d - l a b l l e  s u lp h u r  was d e te rm in e d  by th e  method o f  
R ab inow itz  ( 1 9 7 8 ) ,  u s in g  sodium s u lp h i d e  t o  c o n s t r u c t  a 
s t a n d a r d  c u rv e  ( f i g . 2 . 3)» Care was t a k e n  to  m in im ise  th e  l o s s  
o f  HgS p roduced  d u r in g  th e  a ssa y  and f r e s h  s t a n d a r d s  w ere  ru n  
w ith  each s e t  of d e t e r m i n a t i o n s .
2 . 6 . 4  JKrot.eiJd EsJblmatliajis.
P r o t e i n  d e t e r m i n a t i o n s  were perform ed u s in g  th e  method of  
Lowry ^  a l ,  ( 1 9 5 1 ) .  The method was m o d if ie d  by th e  i n c l u s i o n  
o f  sodium dodecy l  s u lp h a t e  (SDS, 1$, f i n a l  c o n c e n t r a t i o n )  i n  
t h e  r e a g e n t s  and b l a n k s ,  t o  e n su re  th e  s o l u b i l i s a t i o n  o f  th e  
membrane p r o t e i n s .  The r e a g e n t s  and b la n k s  were k e p t  a t  a 
t e m p e r a t u r e  o f  40°C th ro u g h o u t  th e  a s s a y .  Bovine serum 
a lb u m in  (BSA) was used  as  a s ta n d a r d  ( f i g . 2 . 4 ) ,  and a f r e s h  
s t a n d a r d  c u rv e  was c o n s t r u c te d  f o r  each s e t  o f  a s s a y s .
2 .7  ^aiflple. . P r . e m r a . t i , . o . n p . *
Sam ples f o r  e . p . r .  s p e c t ro s c o p y  were p lac e d  i n  q u a r t z  
e . p . r .  tu b e s  w ith  an i n t e r n a l  d i a m e te r  o f  a p p ro x im a te ly  3mm. 
The sam ples  were  e i t h e r  reduced  o r  o x i d i s e d  i n  t h e  e . p . r .  
t u b e s ,  b e f o r e  f r e e z i n g  i n  a m ix tu re  o f  m eth y lc y c lo h e x a n e  and 
i s o p e n t a n e  (1 : 4 ) ,  c o o le d  to  - 8 0 wi t h  a l i q u i d  c o ld
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The method o f  R ab inow itz  (1978) was used  f o r  th e  
d e t e r m i n a t i o n  o f  a c i d - l a b i l e  s u lp h u r .  The s t a n d a r d  c u rv e  
shows a b s o rb a n c e  670nm v e r s u s  t h e  c o n c e n t r a t i o n  o f  sodium 
s u l p h i d e  s t a n d a r d s .  The s t a n d a r d s  w ere  d i l u t e d  from a s to c k  
s o l u t i o n  o f  sodium s u lp h i d e ,  which had been  s t a n d a r d i s e d  u s in g  
t h i o s u l p h a t e  t i t r a t i o n s .  The c o n c e n t r a t i o n  o f  a c i d - l a b i l e  
s u lp h u r  was e s t im a te d  d i r e c t l y  from th e  c u rv e  and a d j u s t e d  f o r  
any d i l u t i o n  f a c t o r .  A f r e s h  s t a n d a r d  c u rv e  was c o n s t r u c t e d  
f o r  each s e t  o f  a s s a y s .
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F igu re  2 .4
Standard Curve; Protein Determination
The method o f  Lowry ^  a l .  ( 1 9 5 1 ) ,  m o d if ie d  a s  d e s c r i b e d  
i n  th e  t e x t ,  was used  f o r  th e  d e t e r m i n a t i o n  o f  t h e  t o t a l  
p r o t e i n  c o n c e n t r a t i o n .  The s t a n d a r d  c u rv e  shows a b s o rb a n c e  a t  
750nm v e r s u s  t h e  c o n c e n t r a t i o n  o f  th e  BSA s t a n d a r d s .  The 
p r o t e i n  c o n c e n t r a t i o n  o f  t h e  sam ples  was e s t i m a t e d  d i r e c t l y  
from th e  cu rv e  and t h e n  c o r r e c t e d  f o r  any d i l u t i o n  f a c t o r s .  A 
f r e s h  s t a n d a r d  c u rv e  was c o n s t r u c t e d  w i th  each s e t  o f  a s s a y s .
s t a n d a r d  Curve, Pro te in  Determination10
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f i n g e r .  O x id ise d  sa m p le s  were  p r e p a re d  by I n c u b a t i o n  o f  th e  
sam ple  a t  room t e m p e r a t u r e  f o r  5 m in u te s  a f t e r  t h e  a d d i t i o n  o f  
HgOg (0.05% , 5 / / I ) .  S u c c in a t e  o r  d i t h i o n i t e  r e d u c e d  sam p les
we re  p re p a re d  by i n c u b a t i o n  a t  room te m p e r a t u r e  a f t e r  th e  
a d d i t i o n  o f  s o l i d  sodium  s u c c i n a t e  o r  s o l i d  sodium  d i t h i o n i t e ,  
f o r  15 m in u tes  ( s u c c i n a t e )  o r  5 m in u te s  ( d i t h i o n i t e ) .  Samples 
w e re  s t o r e d  f r o z e n  i n  l i q u i d  u n t i l  e . p . r .  s p e c t r a  cou ld  be 
o b t a i n e d .
Fo r  d ysp ros ium  s t u d i e s  ETP o r  f r e s h  w hole  c e l l s  were  
i n c u b a t e d  w i th  t h e  dysp ro s iu m  i n  E ppendo rf  t u b e s  f o r  5 
m in u te s ,  b e f o r e  t r a n s f e r e n c e  t o  t h e  e . p . r .  t u b e s  and e i t h e r  
b e in g  red u c e d  o r  o x i d i s e d .  A s t o c k  s o l u t i o n  o f  dysp ro s iu m  
( I I I )  c h l o r i d e  (60mM; K o ch -L ig h t  Labs L t d . ,  C o inb rook , B u c k s . ,  
U.K.) c h e l a t e d  w i th  EDTA (120mM) was d i l u t e d  i n  t h e  sam ple 
s u s p e n s io n  t o  t h e  r e q u i r e d  c o n c e n t r a t i o n .  Lanthanum-EDTA was 
u se d  a s  a n o n -p a r a m a g n e t ic  c o n t r o l .
2 .7 .1  .Qrlcn.tai..EiLlillayjerjB,
O r i e n te d  m u l t i l a y e r s  w ere  p re p a r e d  e s s e n t i a l l y  as 
d e s c r i b e d  by Blum a l , .  ( I 9 6 0 ) .  Membranes were thawed and 
d i l u t e d  t o  a p p ro x im a te ly  lOmg p r o t e i n /m l  i n  TES b u f f e r  (2mM, 
pH 7 . 2 ) ,  c o n t a i n i n g  EDTA (0.5mM). The membranes were 
c e n t r i f u g e d  o n to  t h e  % l a r  s h e e t s  c o a te d  w i th  c o l l o d i o n  
( n i t r o c e l l u l o s e )  and s u p p o r t e d ,  f l a t  i n  s p e c i a l l y  a d a p te d
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c e n t r i f u g e  tu b e s .  C o n t r o l l e d  d e h y d r a t i o n  o f  t h e  membranes was 
t h e n  e l i c i t e d  i n  t h e  p r e s e n c e  o f  a h u m id i ty  b u f f e r ,  damp 
ammonium s u l p h a t e .  O x id ise d  m u l t i l a y e r s  w ere  p r e p a r e d  by
d e h y d r a t i o n  i n  th e  p r e s e n c e  o f  a i r .  Fo r m u l t i l a y e r s  r e q u i r e d  
t o  be r e d u c e d ,  sodium  s u c c i n a t e  (15mM) was added to  th e  
d i l u t i o n  b u f f e r  and t h e  d e h y d r a t i o n  o f  th e  membranes was
p e rfo rm e d  u n d e r  a  p a r t i a l  a tm o sp h e re  of  h yd rogen  (80% N^, 10%
Hg, 10% COg). T h is  p roduced  m u l t i l a y e r s  t h a t  were p a r t i a l l y
r e d u c e d  (b o th  FR1 and H iPIP  we re  p a r t i a l l y  p r e s e n t  a s  shown by 
e . p . r .  s p e c t r o s c o p y ) .  F u r t h e r  r e d u c t i o n  was a c h ie v e d  by 
i n c u b a t i o n  o f  t h e  m u l t i l a y e r s ,  i n  t h e  e . p . r .  t u b e s ,  w i th  
e i t h e r  sod ium s u c c i n a t e  (1M, 10 / i l )  o r  sodium d i t h i o n i t e  (1M,
t i t r a t e d  t o  pH 7 .0  w i th  KOH, 10 / / I ) .  The m u l t i l a y e r  s h e e t s
p roduced  from th e  d e h y d r a t i o n  w e re  c u t  i n t o  s t r i p s  
( a p p r o x im a te ly  2.5mm w ide)  and two o f  t h e s e  w e re  p la c e d  i n  
e ach  e . p . r .  tu b e ,  c o n t a i n i n g  g l y c e r o l  (50% v / v ) . The sam ples  
w e re  th e n  f u r t h e r  re d u c e d  i f  t h i s  was r e q u i r e d .  The sam ples  
w e re  f r o z e n  i n  t h e  f r e e z i n g  m ix tu r e  and s t o r e d  unde r  l i q u i d  
u n t i l  th e  e . p . r ,  s p e c t r a  cou ld  be o b t a i n e d .
2.7.2 .Redox liirAti,ons.
P o t e n t i o r a e t r i c  re d o x  t i t r a t i o n s  we re  pe rfo rm ed as  
d e s c r i b e d  by D u t to n  (1 9 7 8 ) .  The f o l lo w in g  re d o x  m e d ia to r s  w ere  
added a t  a c o n c e n t r a t i o n  o f  50 //M: m e th y l  v io lo g e n ,  b e n z y l
v io lo g e n ,  s a f r a n i n e  T, p h e n o s a f r a n i n e ,  in d ig o  d i s u l p h o n a te ,  
r e s o r u f i n e ,  d u ro q u in o n e ,  1 ,4 n a p th o q u in o n e ,  1 ,2 nap th o q u in o n e
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and 1 ,2  n a p th o q u in o n e - 4 - s u lp h o n lc  a c i d .  Fo r  redox  t i t r a t i o n s  
o f  t h e  f l a v i n  m o ie ty  o f  fu m a r a t e  r e d u c t a s e ,  redox  dyes  t h a t  
u n d e rg o  red o x  changes  c l o s e  t o  n = 2 w e re  used  t o  m in im ise  
i n t e r f e r e n c e  from  sem iq u in o n e  r a d i c a l s  a t  g = 2 .0 0 .  The 
f o l l o w i n g  redox  m e d i a to r s  w ere  used  f o r  t h e s e  t i t r a t i o n s :  1 ,4
n a p th o q u in o n e ,  d u ro q u in o n e ,  i n d ig o  d i s u l p h o n a t e ,  i n d ig o  
t e t r a s u l p h o n a t e ,  2 -h y d ro x y  1 ,4  n a p th o q u in o n e ,  p h e n o s a f r a n i n e  
and s a f r a n i n e  T, a l l  a t  c o n c e n t r a t i o n s  o f  50 //M. The redox  
t i t r a t i o n  v e s s e l  was p u rc h a s e d  from th e  U n i v e r s i t y  of 
P e n n s y lv a n ia  g l a s s  w o rkshop ; a c o m b in a t io n  p la t in u m -c a lo m e l  
r e f e r e n c e  e l e c t r o d e  ( R u s s e l l  pH, A u ch te rm u ch ty , F i f e ,  U.K.) 
was u s e d  t o  m easu re  t h e  am b ien t  e l e c t r o d e  p o t e n t i a l .  The 
v e s s e l  was c o n t in u o u s ly  f l u s h e d  w i th  0^ f r e e  ( B r i t i s h  
Oxygen Co.) which had been  p a s se d  th ro u g h  a N il-O x  a p p a r a t u s  
( J e n c o n s  S c i e n t i f i c ,  Mark R d . , Hemel Hem pstead, U .K .) ,  to  
remove any r e s i d u a l  0^, Samples w e re  t r a n s f e r r e d  
a n a e r o b i c a l l y  t o  e . p . r ,  tu b e s  and f r o z e n  i n  th e  f r e e z i n g  
m ix t u r e ,  b e f o r e  be ing  s t o r e d  i n  l i q u i d  N^.
2.8 oacopy
E . p . r .  s p e c t r a  were r e c o r d e d  u s in g  a B ru k e r  200D e l e c t r o n  
s p i n  r e s o n a n c e  s p e c t r o m e te r  (B ru k e r  A n a ly t i s c h e  M e ss te c h n ik  
gmbH. , S i l b e r s t r e i f e n ,  D-7512 R h e i n s t e t t e n  4 ,  West Germany), 
f i t t e d  w i th  an Oxford I n s t r u m e n t s  ESR-9 v a r i a b l e  t e m p e r a t u r e  
c r y o s t a t  (O xfo rd  I n s t r u m e n t s ,  O xfo rd , U .K .) .  T em pe ra tu re  
c o n t r o l  o f  t h e  e . p . r .  c a v i t y  was a c h ie v e d  e i t h e r  by a l i q u i d
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He t r a n s f e r  l i n e  (O xfo rd  I n s tu m e n ts )  o r  by a  l i q u i d  
t r a n s f e r  l i n e  ( b u i l t  i n  t h e  B io c h e m is t ry  workshop, S t .  
And rews). The f low  r a t e  th rough  th e  t r a n s f e r  l i n e s  and t h e  
c a v i t y  te m p e r a t u r e  was m easu red  and c o n t r o l l e d  by an O xford  
I n s t r u m e n t s  DCT2 te m p e r a t u r e  c o n t r o l .  The sam ple t e m p e r a t u r e  
was checked  and c a l i b r a t e d  u s in g  a th e rm o co u p le  ( c h r o m e l -g o ld  
a t  0.07% i r o n ) .  F i g . 2 .5  shows th e  EMF v e r s u s  t e m p e r a t u r e  f o r  
t h e  th e rm o co u p le .  The sam ple  t e m p e r a t u r e  was found  t o  be 
c o n s t a n t  ove r  th e  f i r s t  10mm from th e  c a v i t y  base  ( f i g . 2 . 6 ) .  
The DCT2 te m p e r a t u r e  c o n t r o l l e r  was a l s o  shown to  g iv e  an  
a c c u r a t e  r e a d - o u t  o f  th e  sam ple t e m p e r a t u r e  i n  t h i s  r e g i o n .  
The te m p e r a t u r e  i n c r e a s e d  above t h i s  r e a d i n g  a s  t h e  d i s t a n c e  
from  t h e  c a v i t y  base  became g r e a t e r  th an  10mm, though t h i s  
e f f e c t  was d e p e n d en t  on th e  f l o w - r a t e  employed ( f i g . 2 . 6 ) .  
T h is  e f f e c t  was o b se rv e d  f o r  bo th  t r a n s f e r  l i n e s .
The e . p . r .  s p e c t r o m e te r  was i n t e r f a c e d  to  a Comart 
Communicator CP100 m ic rocom pute r  (Com ar t  L t d . ,  L i t t l e  End R d . , 
E a to n  Socon, S t .  N eo ts ,  Cam b r idge, U .K .) ,  which was u sed  to  
d i g i t i s e  and s t o r e  th e  e . p . r .  s p e c t r a .  M a n ip u la t io n s  o f  t h e  
e . p . r .  s p e c t r a  were a l s o  pe rfo rm ed u s in g  t h i s  m ic ro co m p u te r  
( s e e  C o m p u ta t io n ) .  The Comart Communicator was i t s e l f  o n - l i n e  
t o  th e  U n iv e r s i t y  o f  S t .  Andrews VAX 11 /7 8 0 s  ( D i g i t a l  
Equipment C o r p . ) ,  and t h e  g r a p h i c s  packages o f  t h i s  com pute r  
w ere  u t i l i s e d  f o r  s p e c t r a l  o u tp u t .
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F igu re  2 ,5
S t a n d a rd  Curve;__TbermocoupLe-iHF-
The s t a n d a r d  c u rv e  shows th e  change i n  EMF (V) w ith  
t e m p e r a t u r e  f o r  t h e  C rom el-go ld  th e rm o co u p le  used  t o  check  th e  
c a l i b r a t i o n  o f  t h e  DCT2 te m p e r a t u r e  c o n t r o l l e r  and t h e  sample 
t e m p e r a t u r e .  The t e m p e r a t u r e  o f  th e  th e rm o co u p le  i n  t h e  
e . p . r .  c a v i t y  was t h e n  e s t i m a t e d  d i r e c t l y  from t h i s  c u rv e .
s t a n d a r d  Curve, Thermocouple EMF
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F ig u re  2 , 6
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The t e m p e r a t u r e  o f  t h e  sample i n  t h e  e . p . r .  c a v i t y  was 
m easu red  u s in g  t h e  th e rm o co u p le  ( f i g . 2 . 5 ) .  The c u rv e  shows 
d e v i a t i o n  o f  t e m p e r a t u r e  from  t h a t  o u tp u t  on th e  Oxfo rd  DCT2 
t e m p e r a t u r e  m o n i to r .  The d i s t a n c e  from  th e  sam ple ba se  was 
t a k e n  a s  th e  d i s t a n c e  o f  t h e  th e rm o co u p le  from th e  b ase  o f  an 
e . p . r .  tu b e ;  t h e  th e rm o co u p le  r e s t e d  on a s o l i d  s u p p o r t .  A 
r a n g e  o f  t e m p e r a t u r e  s e t t i n g s  i s  shown, i n d i c a t e d  t o  t h e  r i g h t  
o f  t h e  c u rv e s ,  f o r  t h e  DCT2 t e m p e r a t u r e  c o n t r o l l e r .  ( O ) ,  a r e  
p o i n t s  o b t a in e d  w i th  th e  l i q u i d  He t r a n s f e r  l i n e  and ( □ )  
p o i n t s  a r e  p o i n t s  o b t a in e d  w i th  t h e  l i q u i d  t r a n s f e r - l i n e .
T em pe ra tu re  D ifference of the  
EPR Cavity
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2,9 Fluprlme.try
F lu o r i m e t r y  was p e rfo rm ed  u s in g  an Aminoo-Bowraan J4 -8 9 6 0 E  
s c a n n in g  s p e c t r o f l u o r i m e t e r  (A m e r ican  I n s t r u m e n t  C o.)  l i n k e d  
t o  a Gould B ry an s  50 000 x - y  r e c o r d e r  (Gould B ry a n s ,  W illow 
Lane, Mitcham, S u r r e y ,  U .K .) .  Matched o p t i c a l  q u a r t z  
f l u o r i m e t r y  c u v e t t e s  w e re  u se d  th ro u g h o u t  f o r  a l l  
e x p e r im e n t s .
Redox t i t r a t i o n s  by f l u o r i m e t r y  were pe rfo rm ed  i n  an 
a n a e r o b i c  c u v e t t e  f i t t e d  w i th  a  c o m b in a t io n  p la t in u m - c a lo m e l  
e l e c t r o d e  ( R u s s e l l  pH) and sam ple  p o r t s .  The c u v e t t e  was 
f l u s h e d  c o n t i n u o u s ly  w i th  0^ f r e e  ( B r i t i s h  Oxygen C o . ) ,  
which had been  p a s s e d  th ro u g h  a N il-O x s c r u b b e r  ( J e n c o n s  
S c i e n t i f i c ) .  The f o l l o w i n g  red o x  m e d ia to r  dyes w ere  added t o  
a f i n a l  c o n c e n t r a t i o n  o f  2 .5  M: b e n z y l  v io lo g e n ,  m ethy l
v i o lo g e n ,  p h e n o s a f r a n i n e  , i n d ig o  d i s u l p h o n a t e ,  r e s o r u f i n ,  
d u ro q u in o n e ,  1 ,4 n a p th o q u in o n e ,  1 ,2  n a p th o q u in o n e  and 1,2 
n a p th o q u in o n e - ^ - s u lp h o n ic  a c i d .  These we re  found  t o  have  
m in im al i n t e r f e r e n c e  o v e r  t h e  redox  ra n g e  employed. The redox  
t i t r a t i o n  was p e r fo rm e d  e s s e n t i a l l y  as  d e s c r i b e d  by D u t to n  
(1978) and th e  sam ple a l lo w e d  t o  e q u i l i b r a t e .  The s t i r r e r  was 
sw i tc h e d  o f f  b r i e f l y ,  once t h e  sam ple was e q u i l i b r a t e d ,  t o  
m in im ise  i n t e r f e r e n c e  from  tu rb u le n c e ,  and t h e  f l u o r e s c e n c e  
i n t e n s i t y  o f  th e  sam ple  was d e te r m in e d .  The redox  t i t r a t i o n  
was a n a ly s e d  a s  d e s c r i b e d  i n  C om puta t ion .
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2 .1 0 .1  JRadox. D a ta
The redox  t i t r a t i o n  d a t a  was a n a ly s e d  u s in g  a program 
d e v e lo p e d  by A.R. C r o f t s ,  C h e m is t ry  D e p a r tm en t ,  U n i v e r s i t y  o f  
I l l i n o i s  a t  U rbana. The p rogram  gave  b e s t - f i t  d a t a  to  th e  
e x p e r im e n ta l  p o i n t s  and p roduced  N e r n s t  p l o t  d a t a  f o r  th e  
s p e c i f i e d  n - v a l u e .
2 .1 0 .2  ,E. p., r . ■ Slmul Atljons
S im u la t io n  o f  e . p . r .  powder s p e c t r a  was perfo rm ed u s in g  a 
p rogram  d e v e lo p e d  by G. Reed and H. Blum, D epa r tm en t o f  
B io c h e m is t r y  and B i o p h y s ic s ,  U n i v e r s i t y  o f  P e n n s y lv a n ia ,  
P h i l a d e l p h i a .  The t h r e e  m ajo r  g - v a l u e s  and th e  l i n e w i d t h s  o f  
each  t e n s o r  ( h a l f - w i d t h  a t  h a l f - h e i g h t )  had to  be s p e c i f i e d .  
G r a p h i c a l  o u tp u t  o f  s p e c t r a  was produced  u s in g  Ghost 
s u b r o u t i n e s  on th e  VAX 11/780 and o u tp u t  on a T e k t r o n i x  T4662 
p l o t t e r .
Double  i n t e g r a t i o n  o f  s i m u l a t i o n s  and o f  e x p e r im e n ta l  
s p e c t r a  was p e rfo rm ed  on th e  Comart Communicator, u s in g  a 
p rogram  d e v e lo p e d  by P . J .  R obinson , Computing L a b o r a t o r y ,  
S t .  Andrews U n i v e r s i t y ,  S t .  Andrews, U.K.
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The a n g u la r  dependence  of e . p . r .  s p e c t r a  was s im u l a t e d  
u s in g  a program d e v e lo p e d  by H. Blum, J .C .  S a l e r n o  and J . S  
L e ig h ,  D epa r tm en t o f  B io c h e m is t ry  and B i o p h y s ic s ,  U n i v e r s i t y  
o f  P e n n s y lv a n ia ,  P h i l a d e l p h i a  (Blum jei. j£lL« 1 9 7 8 b ) .  The 
p rogram  gave  g r a p h i c a l  o u tp u t  o f  e . p . r .  s p e c t r a  p roduced  a t  
v a r i o u s  a n g le s  o f  t h e  m ag n e t ic  f i e l d  t o  t h e  membrane norm al. 
The m osa ic  s p r e a d  ( d i s o r d e r )  o f  th e  m u l t i l a y e r s  co u ld  be 
e s t i m a t e d  from  com pa r ison  o f  th e  s im u l a t e d  and th e  
e x p e r im e n ta l  s p e c t r a .
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CHAPTER THREE
C h a r a c t e r i s a t i o n  o f  th e  Membrane Bound R e s p i r a t o r y  F um a ra te  R e d u c ta se  
and L o c a t i o n  o f  i t s  C a t a l y t i c  S i t e .
62
3.1 I n t r o d u c t i o n
Escherichia c o li grows anaerobically on several 
non-fermentable substrates when fumarate i s  provided as an 
electron  acceptor. The respiratory chain developed under 
these gowth conditions is  terminated by a membrane-bound 
fumarate reductase (EC 1.3 .99.1) .  It i s  important to 
determine whether fumarate is  reduced in  the cytoplasm or in  
the periplasm, so that the in ter-rela tion sh ip  between the 
organisation of the respiratory chain and i t s  
proton-translocating a b ility  can be understood.
Direct evidence that the fumarate reductase enzyme 
complex i s  at lea s t  in  part located on the cytoplasmic side of 
the membrane has been presented by a number of workers using 
immunological and electron microscopic methods (Van der Plaas 
31. sL* f 1983; Lemire ^  a l . , 1983). However, the loca tion  of 
the ca ta ly tic  s ite  of a membrane-bound enzyme need not be the 
same as that of the bulk of the enzyme protein, as detected by 
non-enzymic means. In th is chapter the membrane bound enzyme 
i s  characterised by i t s  enzymic reactions and the loca tion  of 
i t s  ca ta ly tic  s ite  determined. By studying the rates of 
reaction of fumarate reduction in  whole c e l ls  and membrane 
p ar tic les the requirement for the uptake of fumarate into the 
c e l l ,  prior to i t s  reduction can be determined. Inhibitors of 
the dicarboxylic acid porter and mutant strain s of £.. üûli., 
lacking th is  porter were used to influence the uptake of 
fumarate. In c e lls  that require the uptake of fumarate prior
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t o  i t s  r e d u c t i o n ,  an  i n d i r e c t  i n h i b i t i o n  o f  t h e  fu m a r a t e  
r e d u c t i o n  w i l l  be a c h ie v e d  by b lo c k in g  th e  fu m a r a t e  e n t r y .  I n  
m u ta n t  s t r a i n s  o f  JE. c o l i  l a c k i n g  th e  d i c a r b o x y l i c  a c id  
p o r t e r ,  no fu m a r a te  r e d u c t i o n  sh o u ld  be d i s c e r n i b l e  i n  w hole
c e l l s ,  i f  t h e  d i c a r b o x y l i c  a c id  p o r t e r  i s  th e  on ly  means of
f u m a r a t e  e n t r y  i n t o  th e  c e l l .
3.2 Resul ts„. and... Diaousaion
3 .2 .1  . I n i t i a l  .ghana.c.t.erisa.ti.oiL_Qf_..th.e_fumara t e ., r e duct.as.e
As th e  m ajo r  p a r t  o f  th e  r e s e a r c h  r e p o r t e d  h e r e i n  was 
pe r fo rm ed  on t h e  membrane bound enzyme, from a s t r a i n  o f  f . 
c o l i  w i th  a m p l i f i e d  e x p r e s s i o n  of t h e  enzyme, an i n i t i a l  s tu d y  
was pe rfo rm ed t o  c h a r a c t e r i s e  th e  enzyme on th e  membranes from 
t h i s  s t r a i n .  The f u m a r a t e  r e d u c ta s e  in d u ce d  a n a e r o b i c a l l y ,  i n  
£ .  c o l i f i s  known to  e x h i b i t  s i g n i f i c a n t  s u c c i n a t e  
d e h y d ro g e n a se  a c t i v i t y  ( H i r s c h  ^  a l .  1964, S p e n c e r  & G uest  
1973» D ic k ie  & W eine r  197 9 ) ,  so t h i s  i n i t i a l  s tu d y  was 
p e rfo rm ed  t o  m easu re  t h e  r e l a t i v e  a c t i v i t i e s  o f  t h e  two 
r e a c t i o n s .  F i g . 3.1 shows th e  pH dependence  o f  t h e  two 
r e a c t i o n s .  Both t h e  fu m a r a te  r e d u c t a s e  a c t i v i t y  and th e  
s u c c i n a t e  d e h y d ro g e n a se  a c t i v i t y  were s e e n  to  show maximal 
a c t i v i t y  a t  pH 7 . 5 .  T h is  pH was th u s  u sed  f o r  th e  a s s a y  o f  
t h e s e  a c t i v i t i e s  i n  s u b s e q u e n t  e x p e r im e n ts .
pH Dependence of Enzyme Activ it ies
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Figure 3.1
jH. dep.e.Dd.ejQg^ -jor^ .nzyjB.e. activ lties
The fu m a r a t e  r e d u c t a s e  and s u c c i n a t e  d e h y d ro g e n a se  
a c t i v i t i e s  w e re  m easu red  s p e c t r o p h o t o m e t r i c a l l y ,  a t  30°C, as  
d e s c r i b e d  i n  t h e  m ethods s e c t i o n .  The i n i t i a l  a c t i v i t i e s  a r e  
e x p r e s s e d  a s  /imol/mg p r o t e i n / m i n  and a r e  shown p l o t t e d
a g a i n s t  t h e  pH o f  th e  b u f f e r e d  s o l u t i o n .  The a c t i v i t i e s  w e re  
s e e n  t o  d rop  o f f  r a p i d l y  e i t h e r  s i d e  o f  t h e  p h y s i o l o g i c a l  pH 
r a n g e ,  w i th  a  maximum f o r  bo th  a c t i v i t i e s  a t  pH 7»5
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K and V v a lu e s  f o r  t h e  fu m a r a t e  r e d u c t a s e  and m max
s u c c i n a t e  d eh y d ro g e n a se  a c t i v i t i e s  we re  d e te rm in e d  g r a p h i c a l l y
f o r  b o th  a c t i v i t i e s .  T h is  i s  i l l u s t r a t e d  i n  f i g . 3 . 2 ,  which
shows L inew eave r -B u rke  p l o t s  f o r  t h e  fu m a r a te  r e d u c t a s e  and
s u c c i n a t e  d e h y d ro g e n a se  a c t i v i t i e s .  Both L in ew eav e r -B u rk e  and
E a d i e - H o f s te e  p l o t s  we re  used  t o  d e te rm in e  th e  a p p a r e n t
M ic h a e l i s -M e n te n  c o n s t a n t s  and th e  v a lu e s  f o r  th e  K s  we re  i nm
good ag reem ent from bo th  g r a p h i c a l  d e t e r m i n a t i o n s .  Both
r e a c t i o n s  a p p e a r e d  t o  f o l lo w  s im p le  M ic h a e l i s -M e n te n  k i n e t i c s
o v e r  t h e  ran g e  o f  s u b s t r a t e  c o n c e n t r a t i o n s  employed. An
a p p a r e n t  o f  0.25mM w i th  a o f  12.5  mol/mg p r o t e i n / m i n
was o b s e rv e d  f o r  t h e  fu m a r a t e  r e d u c t a s e  a c t i v i t y  ( b e n z y l
v io lo g e n  d e p e n d e n t ) . The s u c c i n a t e  d e h y d ro g e n a se  a c t i v i t y
(PMS-DCPIP d e p e n d en t  a c t i v i t y )  was much l e s s  th a n  th e  fu m a r a t e
r e d u c t a s e  a c t i v i t y , w i th  an a p p a r e n t  K o f  100 M and V o fm max
0 .4  mol/mg p r o t e i n / m i n .  Fum a ra te  r e d u c t a s e  a c t i v i t y  was 
c o m p e t i t i v e l y  i n h i b i t e d  by s u c c i n a t e ,  as  has  been  d e s c r i b e d  
p r e v i o u s ly  ( H i r s c h  jsl. a l .  1953, D ic k ie  & W eine r  1 9 7 9 ) .  The 
membrane bound enzyme i n  th e  fu m a r a t e  r e d u c t a s e  a m p l i f i e d
s t r a i n  o f  £.. c o l i  would t h e r e f o r e  a p p e a r  to  c a t a l y s e  th e  
r e d u c t i o n  o f  fu m a r a t e  more r e a d i l y  th a n  th e  o x i d a t i o n  o f
s u c c i n a t e ,  as  h a s  been  shown p r e v i o u s ly  f o r  o t h e r  s t r a i n s  o f
J&. ( H i r s c h  1 963 , S pence r  & G u es t  1973, D ic k ie  &
W einer 197 9 ) .
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Figure 3 .2
Determination of  ^ aad.
L in ew eave r -B u rke  p l o t s  f o r  b o th  th e  fu m a r a t e  r e d u c t a s e
and s u c c i n a t e  d e h y d ro g e n a se  a c t i v i t i e s  a r e  shown, to
i l l u s t r a t e  t h e  d e t e r m i n a t i o n  o f  th e  K and V v a l u e s .  Them max
k i n e t i c  p a r a m e te r s  w ere  d e te rm in e d  from b o th  L in e w e av e r -B u rk e  
p l o t s  and E a d ie - H o f s te e  p l o t s .  The p o i n t s  shown a r e  t h e
a v e r a g e  o f  t h r e e  d e t e r m i n a t i o n s  a t  each  s u b s t r a t e  
c o n c e n t r a t i o n .  The to p  g rap h  i l l u s t r a t e s  t h e  s u c c i n a t e  
d eh y d ro g e n a se  a c t i v i t y  and t h e  bottom  g r a p h  i l l u s t r a t e s  th e  
fu m a r a t e  r e d u c t a s e  a c t i v i t y .
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3 . 2 . 2  s t u d i e s . w i t h ,  d o t  m u ta n ts
The majority of the fumarate reductase molecule has been 
shown to resid e  on the cytoplasmic side of the c e l l  membrane 
(Van der Plaas ^  a l .  1983, Lemire aJL. 1983). This would 
imply that the reduction of fumarate by the c e l l  was 
cytoplasm ic a lso . Studies were therefore undertaken to 
in v e s t ig a te  the s i t e  of fumarate reduction in  JE. c o l l . 
Fumarate reductase a c t iv i t ie s  of in ta c t c e l l s  and membrane 
p a r t ic le s  were compared in  order to determine ary requirement 
for a transport process for fumarate in  whole c e l l s .  Two 
experimental approaches were used: f i r s t l y ,  fumarate reductase  
a c t iv i t ie s  in  a number of JE. c o ll  s tra in s  (Table 3 . 1 ) ,  some 
of which lacked the dicarboxylic acid carrier (dct mutants) 
were compared; and secondly, fumarate reductase a c t iv i t ie s ,  in  
the presence of in h ib ito rs  of the dicarboxylic acid ca rr ier , 
were compared. The fumarate reductase a c t iv ity  was measured 
by the benzyl viologen assay, in  whole c e l l s  and membrane 
p a r t ic le s , Jones & Garland (1977) have shown that reduced 
benzyl viologen can read ily  cross the cytoplasmic membrane of 
£ . c o l l  K12, so th is  assay i s  su ita b le  for both membranes and 
whole c e l l s .  I f  the s i t e  of fumarate reduction i s  
cytoplasm ic, as implied by the majority of experimental 
evidence, then uptake of fumarate prior to i t s  reduction would 
be necessary in  whole c e l l s .  A blockage, of th is  uptake would 
r e s u lt  in  the lo s s  of measurable a c t iv ity  in  whole c e l l s .
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T a b le  3 . 1 .
Fum a ra te  r e d u c t a s e .a c t i v i t i e s .  fronL.wh.oie_c e l l s ,  a nd memb.r .ane-jnr-tliîl.e.^.
jaf. .th.e„Qf,JS» ■ ■0.oJUL..Xt£-atrÆ iJis
S t r a i n
■Hhol.e.....C.elI.g
F.R .
Kembrane... Jar..tl.QlÆS. 
F .R . NADH. Ox.
EMG2 (w i ld ty p e )  65
JRG1031 ( c lo n e )  80 i  7
CBT3S (jlGb.1 0
CBT312 (jiQi.“) 0
CBT313 (dci.") 0
125 ±  11 60 a  4
910 ±  20 165 ±  9
20 ±  3 12 ±1
no i  6 10 ±  2
50 ± 6  9 ±. 1
A ll  s t r a i n s  o f  £ .  c o l i  were  grown i n  n u t r i e n t  b r o t h  b e c a u s e  
d o t  m u ta n ts  d id  n o t  grow i n  g l y c e r o l / f u m a r a t e  medium. 
I n v e r t e d  membrane v e s i c l e s  w e re  p re p a re d  u s in g  a F rench  
p r e s s u r e  c e l l .  F um a ra te  r e d u c t a s e  a c t i v i t i e s  a r e  g i v e n  i n  
nmol fu m a ra te  r ed u c e d  /  mg p r o t e i n  /  min (which b e c a u se  o f  t h e  
d i f f e r e n t  e l e c t r i c a l  e q u i v a l e n c i e s  i s  h a l f  o f  t h e  b e n z y l  
v io lo g e n  o x i d a t i o n  r a t e ,  i t  i s  t h e  l a t t e r  wh ich i s  a c t u a l l y  
m e a s u r e d ) .  The r e s u l t s  a r e  the  mean v a lu e s  (±. t h e  maximum 
v a r i a t i o n  from th e  mean) o f  t h r e e  a s s a y s  each on t h r e e  
s e p a r a t e  c u l t u r e s .  NADH o x id a s e  a c t i v i t i e s  a r e  e x p re s s e d  i n  
ng atom s 0/mg p r o t e i n /m in .
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Fum a ra te  r e d u c t a s e  a c t i v i t i e s  i n  i n t a c t  b a c t e r i a  and 
membrane p a r t i c l e s  d e r i v e d  from  d o t  m u tan t  s t r a i n s  w e re  
compared w i th  th o s e  o f  w i ld  ty p e .  The d c t  m u ta n ts  cou ld  no t 
grow a n a e r o b i c a l l y  on g l y c e r o l  p lu s  fu m a r a t e  a s  an a l t e r n a t i v e  
e l e c t r o n  a c c e p t o r ,  so a l l  s t r a i n s  w e re  grown on n u t r i e n t  b r o th  
f o r  t h e s e  e x p e r im e n t s .  T h is  mode o f  g row th  had th e
d i s a d v a n t a g e  o f  y i e l d i n g  low e r  a c t i v i t i e s  f o r  bo th  th e  
fu m a r a t e  r e d u c t a s e  and (where  p r e s e n t )  t h e  d i c a r b o x y l i c  a c id
c a r r i e r .  S u b s t a n t i a l  r a t e s  o f  f u m a r a te  r e d u c t a s e  a c t i v i t y
w e re  d e t e c t e d  i n  th e  i n t a c t  c e l l s  o f  s t r a i n s  EMG2 and JRG1031, 
b u t  t h e r e  was no a c t i v i t y  o b se rv e d  i n  th e  m u ta n ts  CBT38, 
CBT312 and CBT313 (T a b le  3 . 1 ) .  The membrane p a r t i c l e s  o f  a l l  
s t r a i n s  had fu m a r a t e  r e d u c t a s e  a c t i v i t y .  The fu m a r a t e  
r e d u c t a s e  a c t i v i t y  was g r e a t e s t  i n  th e  s t r a i n  c o n ta i n in g
a m p l i f i c a t i o n  o f  t h e  ündL gene (JRG1031). A co m p a r iso n  o f  th e  
r a t e s  o f  fu m a ra te  r e d u c t i o n ,  by c e l l s  and membrane p a r t i c l e s ,  
shows t h a t  fu m a ra te  r e d u c t a s e  a c t i v i t y  was l a t e n t  i n  whole  
c e l l s  i n  a l l  s t r a i n s  b u t  EMG2 (T a b le  3 . 1 ) .  In  s t r a i n  JRG1031, 
t h e  r a t e  o f  fu m a ra te  r e d u c t i o n  i n  w hole c e l l s  was h ig h ,  b u t  
t h e  s p e c i f i c  a c t i v i t y  i n  th e  membranes was t e n - f o l d  g r e a t e r ,  
p resum ab ly  b e c au se  a r a t e  l i m i t a t i o n  imposed by th e  t r a n s p o r t  
p r o c e s s  was removed i n  t h e  l a t t e r  c a s e .  A o f  20 -30  //M h a s  
b e e n  r e p o r t e d  f o r  th e  p o r t e r  (Kay & K ornberg  1971, Lo êL a i .  
1972) and a o f  25nmol/mg d ry  w t . / m i n  (Kay & K o rnberg
1 9 7 1 ) .  I n  th e  d o t  m u ta n ts  no a c t i v i t y  was o b se rv e d  i n  i n t a c t  
c e l l s ,  p resum ab ly  b e c au se  th e  fu m a r a t e  cou ld  n o t  e n t e r .  These
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o b s e r v a t i o n s  show th e  r e q u i r e m e n t  f o r  a  d i c a r b o x y l i c  a c id  
c a r r i e r  i n  w hole c e l l s  b u t  no t i n  p a r t i c l e s ,  i n d i c a t i n g  t h a t  
t h e  s i t e  o f  fu m a r a t e  r e d u c t i o n  i s  c y to p la s m ic .
3 .2 , 3  studies, with., inhibitors
To c o n f i rm  th e  r e q u i r e m e n t  f o r  a  p o r t e r  to  t r a n s p o r t
fu m a r a t e  i n t o  th e  c e l l s ,  p r i o r  to  i t s  r e d u c t i o n ,  s t u d i e s  we re
pe rfo rm ed  w i th  i n h i b i t o r s  o f  th e  p o r t e r .  Kay & K ornberg
( 1971) and Lo £ÎL jSL. ( 1 9 7 2 ) ,  showed t h a t  t h e  d i c a r b o x y l i c
a c id  p o r t e r  co u ld  c a t a l y s e  u p ta k e  o f  fu m a r a t e  and s u c c i n a t e  ,
and t h a t  t h e  a d d i t i o n  o f  o t h e r  d i c a r b o x y l i c  a c id s
c o m p e t i t i v e l y  i n h i b i t e d  th e  u p ta k e  o f  t h e s e  two m o le c u le s .
J£. c o l i  s t r a i n s  EMG2 and JRG1031 w e re  grown i n
g l y c e r o l / f u m a r a t e  medium, which e n a b le s  g row th  by fu m a r a te
r e s p i r a t i o n  and in d u c e s  h ig h  a c t i v i t i e s  o f  fu m a r a t e  r e d u c t a s e
(Spencer & Guest, 1973). Maximum rates (V ) and K valuesmax m ,
w e re  d e te rm in e d  from  L in ew eav e r -B u rk e  p l o t s  and E a d ie - H o f s te e
p l o t s ,  t h e s e  v a lu e s  a r e  shown i n  T ab le  3 . 2 .  In  t h e
g l y c e r o l / f u m a r a t e  grown s t r a i n  EMG2 t h e r e  was no s i g n i f i c a n t
d i f f e r e n c e  be tw een  t h e s e  v a lu e s  i n  c e l l s  and membrane
p a r t i c l e s  i n  t h e  a b s e n c e  o f  an i n h i b i t o r .  In  s t r a i n  JRGIO3 I ,
a d i f f e r e n c e  i n  t h e  v a lu e s  o f  t h e s e  p a r a m e te r s  i n  c e l l s  and
membranes was o b s e rv e d .  In  JRGI0 3 I a K v a lu e  o f  0 .2 5  mM f o rm
fu m a r a t e  was o b se rv e d  i n  membranes, c lo s e  to  t h a t  o b t a in e d  i n
EMG2, b u t  a  K v a lu e  o f  0 .7 8  mM was o b se rv e d  f o r  w hole  c e l l s ,  m
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T a b le  3 .2
Fumarate...r.educta8e.. .ao.tJLYJL.tl.ej3-Jjx. .the. .pr.e.s.enc.e. of .added 
.dicarboxylic. acids
ax
^tr.alü Inhibitor Cells. Cell.a. JEXEs.
EMG2 None 0 .2 5 ± 0 .0 3 0 .2 0 ± p .0 7 1 .57±-0.1 1 .62 ± 0 .4
EMG2 A s p a r t a t e  0 .79±D .04 0.23dt0 .07 1 .58±D.09 1 .5 7 ± 0 .3
EMG2 M aia te (0 .7 1 ± 0 .0 7 ) 0 .8 6 ± 0 .0 5 (1 .6 0 ± 0 .1 1 ) 1.65±,0.7
EMG2 T a r t r a t e 0 .3 ± 0 .0 7 0 .6 7 ± 0 .0 9 1 .55±D.07 1 .55±.0.4
JRG1031 None 0 .7 8 ± 0 .0 3 0.25±.0.07 1 2 .0 ± 0 .9 12.5±D .8
JRG1031 A s p a r t a t e  2 .73±.0 .09 0 .2 5 ± P .0 8 1 1 .3 ± 0 ,5 1 2 .6 ± 0 .8
JRG1031 M a ia te (3 .0 0 ± 0 .0 8 ) 0 .7 1 ± 0 .1 ( 1 2 . U 0 . 7 ) 1 2 .5 ± 0 .7
JRG1031 T a r t r a t e 0 .7 9 ± 0 .0 4 2 .2 2 ± 0 .2 11.9±,0.9 12 .4 ± P .4
B a c t e r i a  we re  grown on g l y c e r o l / f u m a r a t e  medium. K and VUj 01
v a lu e s  a r e  th e  mean v a l u e s  (±. t h e  maximum d e v i a t i o n  from th e
mean) o f  ü i r e e  s e p a r a t e  d e t e r m i n a t i o n s  o b t a in e d  from  p l o t s  o f
r a t e  d a t a  a t  e i g h t  s u b s t r a t e  c o n c e n t r a t i o n s .  D isodium  s a l t s
o f  t h e  D,L d i c a r b o x y l i c  a c id s  were  added (5  mM) a s
i n h i b i t o r s .  V v a l u e s  a r e  e x p re s s e d  a s  nm ol  f u m a r a t e  max
r e d u c e d  /  mg p r o t e i n  /  m in, a s  e x p la in e d  i n  T a b le  3 . 1 .
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Presum ab ly  t h e  o f  a p p ro x im a te ly  0 .2 5  mM was a c o n seq u en ce
o f  t h e  r a t e  l i m i t a t i o n  o f  fu m a r a t e  r e d u c t a s e  i t s e l f ,  so i n
EMG2 c e l l s  and membranes and i n  JRGI0 3 I membranes, t h e
f u m a r a t e  r e d u c t a s e  s t e p  was r a t e - l i m i t i n g .  In  s t r a i n  JRGI0 3 I ,
t h e  fu m a r a t e  r e d u c t a s e  i s  a m p l i f i e d  and a p p e a re d  t o  c a u se  th e
p o r t e r  f o r  fu m a r a te  e n t r y  to  become r a t e  l i m i t i n g  i n  w hole
c e l l s .  Thus t h e  K o f  0 .7 8  mM r e f l e c t s  t h e  k i n e t i c s  im posedm
on t h e  fu m a r a t e  r e d u c t i o n  by th e  d i c a r b o x y l i c  a c id  c a r r i e r ,  
r a t h e r  th a n  th e  k i n e t i c s  o f  th e  fu m a r a t e  r e d u c t a s e ,  i t s e l f .
The u se  o f  a s p a r t a t e ,  ro a la te  and t a r t r a t e  a s  i n h i b i t o r s  
o f  e i t h e r  t h e  d i c a r b o x y l i c  a c id  c a r r i e r  or t h e  fu m a ra te  
r e d u c t a s e ,  co n f i rm e d  t h e  need f o r  a  d i c a r b o x y l i c  a c id  c a r r i e r  
f o r  fu m a r a t e  r e d u c t i o n  i n  i n t a c t  c e l l s  (T a b le  3 . 2 ) .  A s p a r t a t e  
d id  n o t  i n h i b i t  fu m a r a t e  r e d u c t i o n  by membrane p a r t i c l e s ,  b u t  
i t  was e f f e c t i v e  a s  a  c o m p e t i t i v e  i n h i b i t o r  i n  w hole  c e l l s .  
The i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  i s  t h a t  a s p a r t a t e  i s  an 
i n h i b i t o r  o f  t h e  t r a n s p o r t  p r o c e s s ,  (Kay & K o rnberg ,  1971) b u t  
n o t  o f  fu m a r a t e  r e d u c t a s e ,  and h e n c e  i s  an i n h i b i t o r  o f  
f u m a r a t e  r e d u c t i o n  o n ly  i n  i n t a c t  c e l l s .  T a r t r a t e  had o n ly  a 
m a r g i n a l  e f f e c t  on fu m a r a t e  r e d u c t a s e  a c t i v i t y  i n  w hole  c e l l s ,  
b u t  was a c o m p e t i t i v e  i n h i b i t o r  o f  fu m a r a t e  r e d u c t a s e  a c t i v i t y  
i n  membrane p a r t i c l e s .  M ala te  i n h i b i t e d  i n  b o th  c e l l s  and 
membrane p r e p a r a t i o n s .  I n  c o n t r o l  e x p e r im e n t s ,  no d e t e c t a b l e  
o x i d a s e  a c t i v i t i e s  w e re  o b se rv e d  f o r  a s p a r t a t e ,  m a la te  and 
t a r t r a t e  i n  membrane p r e p a r a t i o n s  o r  c e l l s  (0^  e l e c t r o d e ) ,  and 
o n ly  m a la te  s u p p o r t e d  b e n z y l  v io lo g e n  o x i d a t i o n ,  and th e n  on ly
73
i n  w hole c e l l s .  The r a t e s  o f  m ala t e - s u p p o r t e d  b e n z y l  v io lo g e n  
o x i d a t i o n  we re  78±6 nmol/mg p r o t e i n / m i n  f o r  s t r a i n  JRGIO3 I and 
82±5 nmol/mg p r o t e i n / m i n  f o r  s t r a i n  EMG2, i n d i c a t i n g  t h e  
p r e s e n c e  o f  fu m a ra se  a c t i v i t y  i n  whole c e l l s .  T h is  
c o m p l ic a te s  t h e  i n t e r p r e t a t i o n  o f  t h e  d a ta  o b ta in e d  w i th  w hole 
c e l l s  i n  t h e  p r e s e n c e  o f  m a la te  ( v a l u e s  b r a c k e te d  i n  T a b le  
3 . 2 ) .  However t h e  f o r  fu m a r a t e  was i n c r e a s e d  i n  t h e
p r e s e n c e  o f  m a la te ,  showing t h a t  t h e  p r im a ry  e f f e c t  o f  m a la te  
on fu m a r a te  r e d u c t i o n  i n  w hole  c e l l s  was to  i n h i b i t  f u m a r a t e  
r e d u c t i o n  a t  th e  l e v e l  o f  t h e  d i c a r b o x y l i c  a c id  p o r t e r .  I f  
t h e  c o n v e r s i o n  o f  m a la te  t o  fu m a r a t e  was d i s t o r t i n g  t h e  
r e s u l t s  ( i n i t i a l  r a t e s  w e re  m easu red )  th e n ,  i n  t h e  a b se n c e  o f  
any o t h e r  e f f e c t ,  an a p p a r e n t  lo w e r in g  o f  t h e  f o r  fu m a r a t e  
would r e s u l t .  These r e s u l t s  complement th o se  p r e s e n t e d  by Kay 
& Ko rnberg  (1971) and Lo ja t  2lL. ( 1 9 7 2 ) ,  as  th e  i n h i b i t i o n  o f  
t h e  u p ta k e  o f  f u m a r a t e  by th e  d i c a r b o x y l i c  a c id  p o r t e r  i s  
i n d i r e c t l y  shown by m ea su r in g  th e  fu m a r a t e  r e d u c t a s e  
a c t i v i t y .  The u p ta k e  o f  f u m a r a t e  and s u c c i n a t e  was shown, by 
t h e s e  a u t h o r s ,  to  be i n h i b i t e d  by th e  a d d i t i o n  o f  v a r i o u s  
o t h e r  d i c a r b o x y l i c  a c id s  and i t  i s  shown h e r e  t h a t  t h e  
consequence  o f  t h i s ,  f o r  fu m a r a t e  u p ta k e ,  i s  low e r  r a t e s  o f  
fu m a r a te  r e d u c t i o n .  T h is  c o n f i rm s  th e  l o c a t i o n  o f  t h e  s i t e  
o f  fu m a r a te  r e d u c t i o n  t o  be c y to p la s m ic .  The r e s u l t s  
p r e s e n t e d  h e r e  a l s o  i n d i c a t e  t h a t  th e  a m p l i f i c a t i o n  o f  
fu m a r a t e  r e d u c t a s e  i n  t h e  membranes o f  s t r a i n  JRG1031, d oes  
n o t  a p p e a r  to  be accom panied  by t h e  a m p l i f i c a t i o n  o f  t h e  
d i c a r b o x y l i c  a c id  p o r t e r .  Thus th e  r a t e  o f  fu m a r a te  r e d u c t i o n  
and th u s  g ro w th ,  o f  t h i s  s t r a i n  i s  l i m i t e d  by th e  k i n e t i c s  o f
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t h e  p o r t e r .
3,2.4 Discussion of. . t h e - . . c a t a l y s . X o c a t l o n
These s t u d i e s ,  u s in g  d c t  m u ta n ts  and i n h i b i t o r s  o f  t h e  
d i c a r b o x y l i c  a c id  c a r r i e r  or fu m a r a te  r e d u c t a s e ,  show t h a t  i n  
w ho le  c e l l s  t h e  transm em b rane  t r a n s p o r t  o f  fu m a r a t e  must 
p r e c e d e  i t s  r e d u c t i o n .  Thus t h e  c a t a l y t i c  s i t e  i s  on th e  
c y to p la s m ic  a s p e c t  o f  t h e  c y to p la s m ic  membrane. Van d e r  P l a s  
e t  a l . ( 1983) used  a c r o s s e d - i m m u n o - e l e c t r o p h o r e t i c  app roach  
t o  a n a ly s e  th e  membrane p r o t e i n s  o f  c o l l  grown on g l y c e r o l  
w i th  fu m a r a te  a s  r e s p i r a t o r y  o x i d a n t  and e x te n d e d  t h e i r  
a n a l y s i s  to  im m u n o -a b so rp t io n  s t u d i e s .  By com pa r ing  t h e  
a n t ib o d y  b in d in g  to  i n t a c t  ( r i g h t  s i d e - o u t )  and d i s r u p t e d  
membrane v e s i c l e s ,  th e y  c a l c u l a t e d  th e  r e l a t i v e  e x p r e s s i o n  o f  
t h e  fu m a r a t e  r e d u c t a s e  a n t i g e n  a t  t h e  e x t e r n a l  and i n t e r n a l  
membrane s u r f a c e s .  They were a b le  to  show t h a t  th e  a n t i g e n i c  
d e t e r m i n a n t s  o f  JE. c o l i  f u m a r a te  r e d u c t a s e  w e re  on t h e  
c y to p la s m ic  a s p e c t  o f  th e  c e l l  membrane. They d id  n o t  
how eve r ,  d e te rm in e  th e  l o c a t i o n  of t h e  c a t a l y t i c  s i t e ,  and th e  
a b s e n c e  o f  a n t i g e n i c  d e te r m in a n t s  from th e  p e r i p l a s m ic  a s p e c t  
o f  th e  membrane ca n n o t  be ta k e n  a s  c o n c lu s iv e  p r o o f  o f  th e  
a b se n c e  o f  any p a r t  o f  th e  fu m a r a te  r e d u c t a s e  from  t h i s  s i d e  
o f  th e  membrane. Lemire jai. £lL. (1983) d e te rm in e d  th e  
s t r u c t u r e  o f  fu m a r a t e  r e d u c t a s e  on i n v e r t e d  membrane v e s i c l e s  
by a  c o m b in a t io n  o f  a n t ib o d y  b in d in g  s t u d i e s  and e l e c t r o n  
m ic ro sc o p y .  They a s s ig n e d  'k n o b - l i k e '  s t r u c t u r e s ,  o b s e rv e d  on
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t h e  c y to p la s m ic  s id e  o f  th e  c e l l  membrane, t o  th e  c a t a l y t i c  
s u b u n i t s  o f  fu m a r a te  r e d u c t a s e .  By rem oving and r e s t o r i n g  t h e  
f u m a r a t e  r e d u c t a s e  a c t i v i t y  to  t h e  membrane p r e p a r a t i o n ,  th e y  
o b s e rv e d  th e  c o n c o m ita n t  l o s s  and r e s t o r a t i o n  o f  t h e  ’ k n o b s ' .  
The a c t i v i t y  was removed by c h y m o t ry p s in  o r  u r e a  t r e a tm e n t  and 
r e s t o r e d  by i n c u b a t i o n  o f  th e  s t r i p p e d  membranes w i t h  a 
f u m a r a t e  r e d u c t a s e  p r e p a r a t i o n .  T h is  work i n d i c a t e s  t h a t  th e  
b u lk  o f  th e  fu m a r a te  r e d u c t a s e  i s  membrane a s s o c i a t e d  and 
l o c a t e d  on th e  c y to p la s m ic  a s p e c t  o f  th e  membrane, and t h u s  
i m p l i e s  t h a t  th e  c a t a l y t i c  s i t e  i s  a l s o  c y to p la s m ic .  The 
p o s s i b i l i t y ,  however, o f  th e  m ajo r  p a r t  o f  th e  enzyme b e in g  
l o c a t e d  c y to p l a s m i c a l ly ,  b u t  t h e  s u b s t r a t e  b in d in g  s i t e  b e in g  
a c c e s s i b l e  to  th e  p e r i p l a s m ic  p h a se ,  c a n n o t  be r u l e d  o u t  on 
t h e  b a s i s  o f  t h e s e  s t u d i e s .  W einer jai. â l»  (1 9 8 4 a ) ,  by
com pa r ing  t h e  se q u en c e s  o f  th e  two an ch o r  p o ly p e p t i d e s  t o  
t h o s e  o f  o th e r  membrane i n t r i n s i c  p r o t e i n s ,  p roposed  t h a t  th ey  
we re  transm em b raneous i n  s t r u c t u r e  and t h a t  they  may form a 
p r o t o n  c h a n n e l  th ro u g h  th e  membrane, by co m p a r iso n  o f  t h e  
s t r u c t u r e  o f  th e  ancho r  p o l y p e p t i d e s  t o  th o s e  o f
b a c t e r i o r h o d o p s i n ,  t h e  o f  th e  ATPase and th e  l a c  c a r r i e r .  
I f  t h i s  i s  t h e  c a se  th e n  th e  l o c a t i o n  o f  th e  s i t e  o f  r e d u c t i o n  
o f  fu m a r a t e  co u ld  no t  be a u t o m a t i c a l l y  assumed t o  be
c y to p la s m ic .
Jo n e s  & G a r la n d  (1977) assumed a c y to p la s m ic  l o c a t i o n  f o r  
fu m a r a t e  r e d u c t a s e ,  on th e  b a s i s  o f  th e  a b i l i t i e s  o f  
o x i d a t i o n - r e d u c t i o n  dyes  to  re d u c e  fu m a r a te  i n  i n t a c t  and 
b ro k en  c e l l s ,  b u t  t h i s  app roach  s u f f e r e d  from  a l a c k  o f
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knowledge o f  t h e  s i t e  o f  i n t e r a c t i o n  be tw een  th e  dyes and th e  
r e s p i r a t o r y  c h a in .  Gutowski & Rosenbe rg  (1976 , 1977) a l s o
a rg u ed  f o r  an i n t e r n a l  l o c a t i o n  o f  th e  fu m a r a t e  r e d u c t a s e  
c a t a l y t i c  s i t e  on t h e  b a s i s  o f  th e  e f f e c t  o f  t a r t a r a t e  on 
r e s p i r a t o r y  p r o t o n  t r a n s l o c a t i o n  s u p p o r t e d  by a  p u l s e  o f  
fu m a r a t e .  T h e i r  c o n c lu s i o n  t h a t  t h e  q u e n c h in g  o f  t h e  
a c i d i f i c a t i o n  was due to  t a r t r a t e  i n h i b i t i n g  th e  t r a n s p o r t  
p r o c e s s  can  be q u e s t i o n e d  on two p o i n t s .  F i r s t l y ,  t a r t r a t e  i s  
a b e t t e r  i n h i b i t o r  o f  fu m a ra te  r e d u c t a s e  t h a n  o f  t h e  
d i c a r b o x y l i c  a c i d  c a r r i e r .  S econd ly ,  t a r t r a t e  would be 
e x p e c te d  to  quench th e  m easu red  p r o to n  t r a n s l o c a t i o n  by 
e n t e r i n g  th e  c e l l  i n  sym po r t  w i th  a p r o to n ,  as soon  as  any 
J  pH i s  e s t a b l i s h e d ,  b e c au se  th e  d i c a r b o x y l i c  a c id  c a r r i e r  i s  
a  p r o to n  i^ m p o r te r  (G utow ski & R osenbe rg , 1 9 7 6 ) .
The work p r e s e n t e d  i n  t h i s  c h a p te r  complements t h a t  
a l r e a d y  p r e s e n t e d  by o t h e r s  and d i r e c t l y  c o n f i rm s  th e  
p r e v i o u s ly  im p l ie d  l o c a t i o n  o f  th e  c a t a l y t i c  s i t e  o f  f u m a r a t e  
r e d u c t a s e .
3.2 .5  Shudles. .0 .11,.the.. Jiature of. the c a ta ly t ic ..s ite .
S t u d ie s  t o  f u r t h e r  c h a r a c t e r i s e  t h e  membrane bound 
enzyme, i n  th e  a m p l i f i e d  s t r a i n  o f  JE. c o l i , were  pe rfo rm ed by 
s tu d y in g  th e  r a t e s  o f  r e a c t i o n  o f  s e v e r a l  a l t e r n a t i v e  
s u b s t r a t e s  f o r  f u m a r a t e  r e d u c t a s e  ( f i g . 3 . 3 ) .  A ll  t h e  
compounds w e re  (3, /S - u n s a t u r a t e d - c a r b o n y l  compounds and th e
77
F ig u r e  3.3
Al ter native, aubatrates for fumara.t.e,xedu.c.ta&e.
The s t r u c t u r a l  fo rm u la e  o f  t h e  a l t e r n a t i v e  s u b s t r a t e s  
u sed  i n  t h i s  s tu d y  a r e  shown. The s t r u c t u r e s  i n d i c a t e  th e  
changes  i n  t h e  s id e - g r o u p s  o f  t h e s e  m o le c u le s .  The 
d im e th y l f u m a r a t e  and m e t h y lc r o t o n a t e  we re  p roduced  by 
e s t é r i f i c a t i o n  o f  th e  p a r e n t  c a r b o x y l i c  a c i d s .
Formulae of A l te rna f ive  S u b s f r a f e s
HOOC
CH
II
CH
HOOC^
m a l e a t e
HOOC\ CH
II
HC\ COOH
f u m a r a t e
CH
\
2
COOH 
a c r y l a t e
CH
II
HC
\ o O H
cinnamate
ÇH3
CH
II
HC
COOH
c r o t o n a t e
CH\ o -c o\ CH
HC\ CO-0 \ CH
CH:
\
CH
HC\ C O -0 \
CH
methyl f u m a r a t e methyl c r o t o n a te
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r a t e  o f  r e d u c t i o n  o f  t h e  d o u b le  bond was m easu red  u s in g  th e  
b e n z y l  v io lo g e n  a s s a y .  T a b le  3 .3  shows th e  r a t e s  o f  r e a c t i o n  
o b s e rv e d  f o r  t h e s e  compounds, vh en  t h e  i n i t i a l  c o n c e n t r a t i o n  
o f  each  s u b s t r a t e  was 5mM. I n i t i a l l y  t h e  s t e r e o s p e c i f i c i t y  o f  
fu m a r a te  r e d u c t a s e  was i n v e s t i g a t e d  u s in g  m a le a t e .  No 
r e a c t i o n  f o r  t h i s  compound was o b s e rv e d  up t o  an  i n i t i a l  
c o n c e n t r a t i o n  o f  20mM. M alea te  i s  t h e  i l ls , i so m e r  o f
2 - b u t e n - d i o a t e ,  w h i l s t  f u m a r a t e  i s  t h e  t r a n s  i so m e r  o f  t h e  
same compound. Thus fu m a r a t e  r e d u c t a s e  o f  £ ,  c o l i  i s  
s t e r e o s p e c i f i c  f o r  f u m a r a t e .  M a lea te  how eve r ,  d id  show 
c o m p e t i t i v e  i n h i b i t i o n  o f  fu m a r a t e  r e d u c t i o n ,  i n d i c a t i n g  t h a t  
i t  may b in d  t o  t h e  a c t i v e  s i t e .  An a p p a r e n t  o f  3mM was
o b ta in e d  f o r  t h i s  i n h i b i t i o n .  I t  can  be c o n c lu d e d  t h a t  
m a le a te  b in d s  to  t h e  fu m a r a t e  r e d u c t a s e  i n  a  non r e a c t i v e ,  as 
a r e s u l t  o f  i t s  c i s c o n fo r m a t io n ,  r a t h e r  t h a n  t h e  t  r a n s  
c o n fo rm io n  o f  f u m a r a t e .
S t u d i e s  on  compounds w i th  d i f f e r e n t  s t r u c t u r e s  t o
fu m a r a te  w e re  p e rfo rm ed  t o  i n v e s t i g a t e  t h e  c o n s e q u e n c e s  o f  
t h e s e  c hanges  i n  s t r u c t u r e .  T ab le  3 .3  shows th e  r e s u l t s  from 
th e s e  s t u d i e s .  I t  was shown t h a t  compounds which had one o f  
th e  c a r b o x y l a t e  g ro u p s  rem oved, were  l e s s  r e a c t i v e  th a n
fu m a r a t e  and h en ce  p o o r e r  s u b s t r a t e s . T h e  r a t e  o f  r e a c t i o n  a l s o  
d e c r e a s e d  a s  t h e  s i z e  o f  t h e  r e p la c e m e n t  g roup  i n c r e a s e d  and 
became more h y d ro p h o b ic  i n  n a tu r e  ( f i g . 3 . 3 ) .  A c r y la t e  (R-H) 
r e a c t e d  f a s t e r  th a n  c r o t o n a t e  (R-CHg) which r e a c t e d  f a s t e r  
th a n  c in n a m ate  (R -P h ) ,  b u t  a l l  were  r e d u c e d  a t  a  lo w e r  r a t e  
th an  f u m a r a t e .
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T a b le  3 .3
R a te s  o f  r e a c t i o n  w i th  a l t e r n a t i v e  s u b s t r a t e s
S u b s t r a t e  M is .  App.ar.e,nt
F u m a ra te  1 2 .3  ±. 0 .6
M ale a te  0 3.0mM
»A c r y la t e  9 .6  ± . 0 . 4  8.5mM
*C r o t o n a t e  7 .7  ± 0 . 4  13.0mM
Cinnam ate 1.1 ±  0 .2  26.4mM
M ethyl fu m a r a t e  50 ± 8  (x  10^)
-QM ethyl c r o t o n a t e  10 ±  3 (x 10 )
R a te s  a r e  e x p re s s e d  a s  ju mol/mg p r o t e i n / m i n .  The r a t e s  were  
m easu red  u s in g  a f i n a l  c o n c e n t r a t i o n  o f  s u b s t r a t e  o f  5mM, The 
r a t e s  a r e  shown a s  t h e  mean v a lu e s  o f  t h r e e  d e t e r m i n a t i o n s ,  on 
t h r e e  s e p a r a t e  membrane p r e p a r a t i o n s ,  t o g e t h e r  w i t h  t h e  
maximum v a r i a t i o n  a b o u t  t h e  mean.
: These  v a lu e s  can  o n ly  be t a k e n  a s  a p p ro x im a t io n s ,  a s  t h e s e  
s u b s t r a t e s  a l s o  show s i g n i f i c a n t  r a t e s  o f  r e a c t i o n .
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The n e c e s s i t y  o f  t h e  c a r b o x y l a t e  g ro u p s  was i n v e s t i g a t e d  by 
u s in g  e s t e r i f i e d  compounds a s  s u b s t r a t e s  f o r  t h e  enzyme. I t  
was s e e n  t h a t  t h e s e  compounds gave  on ly  v e ry  low r a t e s  o f  
r e a c t i o n ,  T ab le  3 . 3 .  M ethyl f u m a r a t e  r e a c t e d  f a s t e r  t h a n  
m eth y l  c r o t o n a t e ,  b u t  l e s s  th a n  f u m a r a t e  and i n d e e d ,  l e s s  t h a n  
t h e  o t h e r  c a r b o x y l i c  a c i d s .  These e s t e r s  l a c k  t h e  n e g a t i v e  
c h a rg e  a s s o c i a t e d  w i th  t h e  i o n i s e d  g roup  o f  t h e  p a r e n t  
c a r b o x y l i c  a c i d s ,  and a r e  n e u t r a l l y  ch a rg e d  m o le c u le s .  The 
c a rb o n y l  g ro u p s  have  a  p o l a r  n a t u r e  and so weak b i n d in g  o f  
t h e s e  s u b s t r a t e s  t o  th e  enzyme was p o s t u l a t e d  t o  a c c o u n t  f o r  
t h e i r  low r a t e s  o f  r e a c t i o n .
To a c c o u n t  f o r  t h e  r e s u l t s  o b t a in e d  i t  was p o s t u l a t e d  
t h a t  t h e  a c t i v e  s i t e  o f  fu m a r a t e  r e d u c t a s e  m ust c o n t a i n  
p o s i t i v e l y  c h a rg e d  amino a c id  r e s i d u e s  i n  t h e  v i c i n i t y  o f  th e  
f l a v i n  m o ie ty ,  t o  a c t  a s  a  s u b s t r a t e  b in d in g  s i t e .  The 
s e q u en c e  o f  amino a c id s  a round  t h e  f l a v i n  b in d in g  s i t e  h a s  
been  d e te rm in e d  by C ole  ( 1 9 8 2 ) ,  from th e  n u c l e o t id e  se q u en ce  
o f  th e  frdA codon, which e ncodes  f o r  th e  f l a v o p r o t e i n  s u b u n i t  
o f  fu m a r a t e  r e d u c t a s e .  T h is  p o l y p e p t id e  seq u en ce  was shown to  
c o n t a i n  t h e  same seq u en ce  o f  amino a c id s  (9 r e s i d u e s )  a s  t h a t  
from  b o v i n e - h e a r t  s u c c i n a t e  d e h y d ro g e n a se .  The se q u en c e  o f  
amino a c id s  a round  t h i s  r e g i o n  was shown to  c o n t a i n  s e v e r a l  
p o s i t i v e l y  c h a rg e d  amino a c id s  ( h i s t i d i n e ,  l y s i n e  and a r g i n i n e  
r e s i d u e s )  t o g e t h e r  w i t h  o t h e r  amino a c id s  w i th  b a s i c  s i d e  
g ro u p s  ( g l u t a m i n e ) .  The r e s u l t s  p r e s e n t e d  h e r e ,  i n d i c a t e  t h a t  
some o f  t h e s e  r e s i d u e s  may form th e  s u b s t r a t e  b in d in g  s i t e  f o r
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f u m a r a t e .  The r e q u i r e m e n t  f o r  t h e  n e g a t i v e l y  c h a rg e d  
c a r b o x y l a t e  g ro u p s ,  f o r  good r a t e s  o f  r e a c t i o n ,  and t h e  low e r  
r a t e s  o f  r e a c t i o n  p roduced  by i n t r o d u c i n g  s u b s t r a t e s  w i th  a  
l e s s  p o l a r  n a t u r e  (and  th o s e  w i th  g r e a t e r  h y d r o p h o b i c i ty )  
a rg u e  i n  f a v o u r  o f  t h i s  p o s t u l a t e .  The s t e r e o s p e c i f i c i t y  o f  
t h e  enzyme co u ld  a l s o  be e x p la in e d  by t h e  n a tu r e  o f  t h e  
b in d in g  o f  th e  two c a r b o x y l a t e  g ro ups  o f  m a le a t e ,  which may 
l o c a t e  i t  i n  a non r e a c t i v e  p o s i t i o n .
3 .3  ,Co.DCl.uslPiia
The fu m a r a te  r e d u c t a s e  i n  t h e  membranes from £.. c o l i , 
s t r a i n  JRGIO3 I has  been  shown to  be pH d e p e n d en t  w i th  t h e  
maximum r a t e  o f  r e a c t i o n  a t  pH 7 . 5 ,  f o r  b o th  f u m a r a t e  
r e d u c t i o n  and s u c c i n a t e  o x i d a t io n .  The c a t a l y t i c  s i t e  o f  
f u m a r a t e  r e d u c t i o n  was shown to  be on th e  c y to p la s m ic  s i d e  o f  
t h e  c e l l  membrane, by th e  r e q u i r e m e n t  f o r  fu m a r a t e  to  be 
t r a n s p o r t e d  a c r o s s  t h e  membrane p r i o r  t o  r e d u c t i o n .  T h is  
l o c a t e d  th e  c a t a l y t i c  s i t e  i n  ag reem ent w i th  t h e  l o c a t i o n  
p o s t u l a t e d  i n  p r e v i o u s ly  p u b l i s h e d  wo rk , m ost n o ta b ly  Lem ire  
e t  a l . 1983 , who showed th e  c a t a l y t i c  s u b u n i t s  o f  fu m a r a te
r e d u c t a s e  to  be l o c a t e d  on th e  c y to p la s m ic  f a c e  o f  th e  c e l l  
membrane.
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S t u d ie s  on th e  c a t a l y t i c  s i t e  o f  fu m a ra te  r e d u c t a s e  
showed th e  enzyme t o  be s t e r e o s p e c i f i c  f o r  f u m a r a t e .  The 
r e q u i r e m e n t  o f  to e  n e g a t i v e l y  ch a rg e d  c a r b o x y l a t e  g r o u p s ,  to  
a c h ie v e  s i g n i f i c a n t  r a t e s  o f  r e d u c t i o n  o f  a l t e r n a t i v e  
s u b s t r a t e s ,  p o in te d  t o  t h e  s u b s t r a t e  b in d in g  s i t e  c o n t a i n i n g  
p o s i t i v e l y  ch a rg e d  amino a c id  r e s i d u e s .
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CHAPTER FOUR
E l e c t r o n  P a ram a g n e t ic  R esonance C h a r a c t e r i s a t i o n  o f  th e  
I r o n - S u lp h u r  C e n t r e s
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4.1 Introduction
The p u r i f i e d  f u m a r a t e  r e d u c t a s e  of n o i l ,  h a s  b een  shown 
to  be s t r u c t u r a l l y  s i m i l a r  to  s u c c i n a t e  d e h y d ro g e n a s e s  from a 
number o f  s o u rc e s  ( D ic k ie  & W e in e r ,1979, W e ine r  & D i c k i e , 1979) 
and r e c e n t  sequence  d e t e r m i n a t i o n s  on th e  c o l i  s u c c i n a t e  
d e h y d ro g e n a se ,  i n d i c a t e  e x t e n s i v e  seq u en ce  h o m o lo g ie s  be tw een  
t h e s e  two f u n c t i o n a l l y  d i s t i n c t  enzymes (G u es t  1 9 8 4 ) ,  
p a r t i c u l a r l y  i n  th e  c y s t e i n e  r e s i d u e s  o f  t h e  i r o n - s u l p h u r  
s u b u n i t .  A ll  s u c c i n a t e  d e h y d ro g e n a se s  and f u m a r a t e  r e d u c t a s e s  
t h a t  have  been  s t u d i e d  t o  d a te  c o n ta i n  a  c o - v a l e n t l y  l in k e d  
f l a v i n  (8 o - [ N ( 3 ) - h i s t i d y l ] F A D ) , a c i d - l a b i l e  s u lp h u r  and 
non-haem i r o n  (5 -8  mol. /  mol. enzyme, H e d e r s t e d t  & R u tbe rg  
1981, B e i n e r t  & A lb r a c h t  1982 ) .  The non-haem i r o n  and 
a c i d - l a b i l e  s u lp h u r  a r e  c o n s t i t u t e d  a s  one [4 F e -4 S ]^ ^  o r  
[3F e-xS ]  c e n t r e  ( t h e  term HiPIP, h igh  p o t e n t i a l  i r o n - s u l p h u r
p r o t e i n ,  i s  u sed  a s  a  g e n e r i c  f o r  t h i s  c e n t r e )  and e i t h e r  one
o r  two f e r r e d o x i n  c e n t r e s  u s u a l l y  c o n s id e r e d  a s  [2 F e -2 S ]  
c e n t r e s ,  b u t  one o f  t h e s e  may be a [4F e-4S ]  c e n t r e  ( B e i n e r t  &
A lb r a c h t  1982, D ic k ie  & W eine r  1979, O hn ish i  jah a i . .  1976 a &
b, R, Cammack, T ,O h n is h i  p e r s o n a l  c o m u n i c a t i o n s ) .
I n  t h i s  c h a p te r  t h e  i r o n - s u l p h u r  c l u s t e r s  from  t h e  R , 
ooTl fu m a r a te  r e d u c t a s e  a r e  r e s o l v e d  and t h e n  d e s c r i b e d  j j i  
s i t u , u s in g  e l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e .  The q u e s t i o n  o f  
w h e th e r  t h e r e  a r e  one o r  two o f  th e  b i n u c l e a r  f e r r e d o x i n  
c e n t r e s  p r e s e n t  i s  a d d r e s s e d ,  t o g e t h e r  w i th  th e  p o s s i b i l i t y  
t h a t  one o f  t h e s e  c e n t r e s  may be t e t r a n u c l e a r  i n  n a t u r e .  T his
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c h a p t e r  p r e s e n t s  e v id e n c e  f o r  i n t e r a c t i o n s  be tw een  th e  
i n t r i n s i c  c e n t r e s ,  and d i s c u s s e s  th e  r e l e v a n c e  o f  t h e  f i n d i n g s  
t o  t h e  u n d e r s t a n d in g  o f  o t h e r  s u c c i n a t e - f u m a r a t e
o x i d o - r e d u c t a s e s .
4 .2  Res.ult fl. .and_dijSc.us&i.Qji
4 .2 ,1  C om pa r ison  o fm em b ran es_ .f rom_IIMG2. .and. JRG1Q3JL
The e l e c t r o n  t r a n s p o r t  c h a in  d e v e lo p e d  when £ .  coLL i s  
g rown on t h e  g l y c e r o l / f u m a r a t e  medium i s  r e l a t i v e l y  s im p le ,  
c o n s i s t i n g  o f  s p e c i f i c  d e h y d ro g e n a s e s ,  m enaquinone, and 
t e r m i n a t i n g  i n  fu m a r a t e  r e d u c t a s e ,  A cy toch ro m e o x id a s e  i s  
a l s o  p r e s e n t  ( In g le d ew  & P o o le ,  1 9 8 4 ) .  The jQûü. s t r a i n  
JRG1031 e n a b le d  th e  fu m a r a t e  r e d u c t a s e  to  be s t u d i e d  i n  s i t u  
th ro u g h  th e  a m p l i f i e d  e x p r e s s i o n  o f  fu m a r a t e  r e d u c t a s e .  I t  i s  
t h e  i n t e n t i o n ,  i n  t h i s  c h a p t e r ,  t o  r e p o r t  s t u d i e s  on f u m a r a t e  
r e d u c t a s e  JLû s i t u  u s in g  membranes from t h i s  £ .  c o l i  s t r a i n .  
An i n  s i t u  s tu d y  has  a number o f  a d v a n t a g e s ,  t h e  p r i n c i p a l  one 
o f  which i s  i n  ove rcom ing t h e  v a r i a b i l i t y  and h e t e r o g e n e i t y  
which h a s  a f f l i c t e d  t h e  s t u d i e s  u s in g  p u r i f i e d  p r e p a r a t i o n s  
( f o r  r e v ie w  s e e  B e i n e r t  & A lb r a c h t ,  198 2 ) .  The use  o f  
membranes h a s  t h e  d i s a d v a n ta g e  o f  t h e  p r e s e n c e  o f  o t h e r  
i r o n - s u l p h u r  c e n t r e s  wh ich do n o t  b e lo n g  t o  t h e  fu m a r a t e
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r e d u c t a s e .  Thus, i t  i s  n e c e s s a r y  to  e s t a b l i s h  which e . p . r .  
d e t e c t a b l e  c e n t r e s  a r e  a t t r i b u t a b l e  to  fu m a r a t e  r e d u c t a s e ,  i n  
o r d e r  t o  a s c e r t a i n  t o  what e x t e n t  c e n t r e s  b e lo n g i n g  t o  o t h e r  
enzymes may i n t e r f e r e  w i th  th e  a n a l y s i s .  The i r o n - s u l p h u r  
c e n t r e s  d e v e lo p e d  by an £ .  c o l i  K12 p r o t o t r o p h  (EMG2), grown 
a n a e r o b i c a l l y  on g l y c e r o l / f u m a r a t e  medium, have  been  d e s c r i b e d  
( In g le d e w  1983) and so  t h i s  e a r l i e r  work can  s e rv e  a s  a 
c o n t r o l  i n  t h e  p r e s e n t  s t u d y .  I n  t h i s  e a r l i e r  s tu d y  s e v e r a l  
i r o n - s u l p h u r  c e n t r e s  w ere  d e s c r i b e d  b u t  t h r e e  p red o m in a te d .  
These t h r e e  were t e n t a t i v e l y  a s s ig n e d  t o  a s u c c i n a t e - f u m a r a t e  
o x i d o - r e d u c t a s e  on t h e  b a s i s  o f  t h e  p redom inance  o f  fu m a r a te  
r e d u c t a s e  i n  t h e  membranes, and a l s o  t h e  s i m i l a r i t y ,  i n  
s e v e r a l  r e s p e c t s ,  be tw een  th e  o b s e rv e d  p r o p e r t i e s  o f  t h e  
i r o n - s u l p h u r  c e n t r e s  and t h o s e  r e p o r t e d  f o r  s u c c i n a t e - f u m a r a t e  
o x i d o - r e d u c t a s e s  from o t h e r  s o u r c e s .
Shown i n  T a b le  4 .1  i s  a co m p a r iso n  o f  t h e  m ajo r  p a r t i a l  
r e a c t i o n s  o f  t h e  r e s p i r a t o r y  c h a i n s  o f  t h e  two s t r a i n s  u s e d .  
T a b le  4 .2  shows a q u a n t i t a t i o n  o f  t h e  d e t e c t e d  i r o n - s u l p h u r  
c e n t r e s  from  s t r a i n s  JRG1031 & EMG2. I t  i s  a p p a r e n t ,  from 
T a b le  4 . 1 ,  t h a t  t h e  on ly  l a r g e  change i n  a c t i v i t y  m easu red  was 
o f  t h e  fu m a r a t e  r e d u c t a s e .  T h is  c o r r e s p o n d s  w i t h  t h e  
a m p l i f i c a t i o n  o f  two e . p . r .  s i g n a l s  (H iP IP a  and f e r r e d o x i n  
I l a  & b o f  Ing ledew  1 9 8 3 ) .  Thus one c e n t r e ,  p a ra m a g n e t ic  i n  
t h e  o x i d i s e d  s t a t e ,  i s  a m p l i f i e d  a lo n g  w i th  a f e r r e d o x i n - l i k e  
c e n t r e  r e d u c i b l e  by s u c c i n a t e  (g^  = 2 .0 3 ,  g^y = 1 .9 3 )  and a 
f e r r e d o x i n - l i k e  c e n t r e  r e d u c e d  by d i t h i o n i t e .  A c o m p a r iso n  o f  
e . p . r .  s p e c t r a  o f  c o n t r o l  and JRG1031 membranes, i s  b e s t
87
T a b le  4.1"
P a r t i a l  r e a c t i o n s  o f  r e s D l r a b o r y - .ch a i n s I n ETPa
£H32, .JJG.1D31
F um a ra te  r e d u c t a s e  1 .27  9 «98
NADH d e h y d ro g e n a se  0 .6 2  0 .6 8
L a c t a t e  d e h y d ro g e n a se  0 ,0 8  0 .4 2
Fo rm ate  d e h y d ro g e n a se  0 ,0 2  0 .0 2
L -g lyC “ 3P d e h y d ro g e n a s e  0 ,0 2  0 ,0 4
S u c c in a t e  d e h y d ro g e n a se  0 .3 0  0 ,4 8
A c t i v i t i e s  a r e  e x p r e s s e d  a s  /<mol, /  min, /  mg p r o t e i n
C e l l s  we re  grown on g l y c e r o l  /  fu m a r a t e  medium and ETPs were
made a s  d e s c r i b e d  i n  M a t e r i a l s  and M ethods,
* , L - g l y c e r o l - 3 - p h o s p h a t e  d e h y d ro g e n a se .
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g i v e n  by a com pa r ison  o f  th e  work h e r e i n  w i th  t h e  p u b l i s h e d  
work on EMG2 ( In g le d e w , 1 9 8 3 ) ,  w here  s p e c t r a  ta k e n  o v e r  a w ide  
r a n g e  o f  c o n d i t i o n s  can be com pa red . A d d i t i o n a l  c e n t r e s  t h a t  
a r e  o b s e rv e d  i n  t h e  membranes from EMG2 c e l l s  a r e  o b scu red  i n  
JRGI0 3 I membranes, by o v e r l a p  due to  t h e  h i g h e r  l e v e l s  o f  t h e  
t h r e e  c e n t r e s  a s s i g n e d  t o  fu m a r a t e  r e d u c t a s e ,  and t h e  
c o n s e q u e n t  u se  o f  low e r  g a i n .  Thus t h e s e  t h r e e  r e s o l v a b l e  
s p e c i e s  can  be a t t r i b u t e d  to  f u m a r a t e  r e d u c t a s e ,  and th e  
e x t e n t  t o  which o t h e r  s p e c i e s  o v e r l a p  w i t h  them s p e c t r a l l y  i s  
s m a l l  and q u a n t i f i a b l e .
4 . 2 . 2  The e . p . r .  s p e c t r a  o f  JRG1031 membranes.
Membrane p a r t i c l e s  o f  JRGI0 3 I ,  when o x i d iz e d ,  e x h i b i t e d
a t  r e l a t i v e l y  low t e m p e r a t u r e s ,  an  e . p . r .  sp ec tru m  t y p i c a l  o f
e i t h e r  a  [4 F e -4 S ]^ ^  o r  [3Fe-XS] i r o n  s u lp h u r  c e n t r e .  The term
FR3 ( f u m a r a t e  r e d u c t a s e  c e n t r e  3) i s  u sed  a s  a g e n e r i c ,  by
a n a la g y  t o  c e n t r e  S3 o f  s u c c i n a t e  d e h y d ro g e n a s e ,  t o  r e f e r  to
t h i s  c e n t r e .  T h is  spec trum  i s  shown i n  F i g . 4 . l a  a t  v a r i o u s
t e m p e r a t u r e s .  I t  h a s  a  na rrow  l i n e - s h a p e  w ith  g a t  2 .01y , z
and g^ a t  ap p ro x .  1 .968  a l t h o u g h  t h i s  l a t t e r  v a lu e  i s  
c o n s i d e r a b l y  t e m p e r a t u r e  d e p e n d e n t .  The s p e c t r a l  f e a t u r e  
p r e c e d in g  th e  g = 2.01 l i n e s h a p e  was due to  coppe r  i n  t h e  
sa m p le ,  a s  shown a t  h ig h e r  t e m p e r a t u r e s  w here th e  spec trum  
from  FR3 was no lo n g e r  d i s c e r n i b l e -  The spec trum  a t  6 K and 
20mW m ic row ave power, c an  be s im u la t e d  u s in g  g^ a t  2 .0 1 ,
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F ig u r e  4 . 1 a
£, p.. r..i■spe..ctr.a....XfgcL,..Qxldi s.e.dL membranea
The e . p . r .  s p e c t r a  o b t a in e d  from  o x i d i s e d  membranes
a r e  shown a t  v a r i o u s  t e m p e r a t u r e s .  The m ajo r  g - v a l u e s  a r e
i n d i c a t e d  above t h e  s p e c t r a  and t h e  t e m p e r a t u r e s  a r e  shown on 
t h e  l e f t  o f  th e  s p e c t r a .  The p o s i t i v e  peak  was a t  g = 2 .0 1 ,
b u t  t h e  gy and gx v a l u e s  w e re  d e p e n d en t  on t h e  t e m p e r a t u r e .
The e x p e r im e n ta l  c o n d i t i o n s  w e re :  m icrowave power, 20mW;
m ic row ave f r e q u e n c y ,  9.48GHz; m o d u la t io n  a m p l i tu d e ,  I.OmT; 
m o d u la t io n  f r e q u e n c y ,  lOOKHz; r e c e i v e r  g a i n ,  6 .3  x 10^; s c a n  
r a t e ,  O .Im T/s a t  a  t im e  c o n s t a n t  o f  0 . 5 s .  P r o t e i n  
c o n c e n t r a t i o n  was 103mg/ml.
Ep.r. sp ec tra : Fum oro te Reductase. 
HjOj oxidised E T P
? 01,
6K
10K
12K
15K
17K
20K
25K
30K
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F i g u r e  4 . l b
Slmulatio.rL..g£,Jfclije....HiP,IP-..jS.p.e.Qtr.a
S im u la t io n s  o f  t h e  HiPIP s p e c t r a  a r e  shown f o r  two 
t e m p e r a t u r e s ,  wh ich a r e  i n d i c a t e d  on th e  r i g h t  o f  th e
s i m u l a t i o n s .  For t h e  d a t a  from 6K , g - v a l u e s  o f  2 . 0 1 ,  1 .99
and 1 .55  were  employed w i th  l i n e w i d t h s  ( h a l f - w i d t h  a t
h a l f - h e i g h t )  o f  0 . 7 0 ,  2 .5  and 5.5mT, c o n v o lu te d  w i th  a
L o r e n t z i a n  b ro a d e n in g  o f  0.5mT. At 10 K g - v a l u e s  o f  2 . 0 1 , 2 . 0 0
and 1 .7 8  we re  employed, t o g e t h e r  w i th  l i n e w i d t h s  o f  0 .7»  2 .0
and 5.0mT; L o r e n t z i a n  b ro a d e n in g  o f  th e  same m ag n i tu d e  a s  f o r
t h e  6 K s im u l a t i o n  was u sed .
EPR SimulQfions  
HiPIP Sig n al
10 K
6 K
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gy a t  1 .9 9  and a t  1 .5 5 .  The l i n e w i d t h s  employed i n  t h e  
s i m u l a t i o n  w e re  O.fOmT, 2.5mT, and 5.5mT r e s p e c t i v e l y ,  
( F i g . 4 . 1 b ) ,  c o n v o lu te d  w i th  a  L o r e n t z i a n  b r o a d e n in g  o f  0,5mT. 
The s i m u l a t i o n  o f  s p e c t r a  from o t h e r  t e m p e r a t u r e s  r e q u i r e d  
d i f f e r i n g  g - v a l u e s  and l i n e w i d t h s  f o r  g^ .
In  membrane p a r t i c l e s  which have  been  a n a e r o b i c a l l y  
r e d u c e d  w i th  s u c c i n a t e ,  a  f e r r e d o x i n - l i k e  s i g n a l  i s  o b s e rv e d  
w i th  g^ = 2 .0 3  and g^^ = 1 .9 3 .  F i g . 4 . 2 a  shows t h i s  sp ec tru m  
a t  s e v e r a l  t e m p e r a t u r e s .  When membrane p a r t i c l e s  w e re  red u c e d  
a n a e r o b i c a l l y  w i th  d i t h i o n i t e ,  a  f e r r e d o x i n  s i g n a l  o f  s i m i l a r  
l i n e - s h a p e  b u t  w i th  a p p a r e n t l y  enhanced s i g n a l  a m p l i t u d e ,  was 
o b s e rv e d  ( F i g 4 . 2 b ) .  The re  i s  a s m a l l  l i n e - s h a p e  d i f f e r e n c e  
b e tw een  th e  two r e d u c t i o n  s t a t e s ,  t h e  d i t h i o n i t e  e l i c i t e d  
s p e c t r a  b e in g  l e s s  rhom bic a round  g = 1 .93  th a n  th e  s u c c i n a t e  
e l i c i t e d  s p e c t r a .  T h is  rh o m b ic i ty  i s  t e m p e r a t u r e  d e p e n d en t  
and t h i s  e f f e c t  c o r r e l a t e s  w i th  t h e  te m p e r a t u r e  dependence  o f  
t h e  r e l a x a t i o n  p r o c e s s e s  ( c . f .  c h a p te r  5)> t h e  d i f f e r e n c e  i n  
rhom bic  d i s t o r t i o n  b e in g  g r e a t e r  a t  h i g h e r  t e m p e r a t u r e s .  
These s p e c t r a  can  be s im u l a t e d ,  as  shown i n  F i g . 4 . 2 c ,  and th e  
v a lu e s  r e q u i r e d  f o r  t h e  s u c c i n a t e  r e d u c i b l e  f e r r e d o x i n  a r e  
g^ = 1 .9 1 8 ,  l i n e w i d th  I.OmT, g^ = 1 .9 2 8 ,  l i n e w i d t h  0.85raT, and 
g^ = 2 .0 3  » l i n e w i d th  0.75mT, a t  12K and 20mW m icrowave
power. Fo r t h e  d i t h i o n i t e  r e d u c i b l e  c e n t r e  v a lu e s  o f  
®x ” 1 '9 1 3 ;  l i n e w i d t h  1 .05mT, g^ = 1 .9 2 6 ,  l i n e w i d t h  0.85mT and 
g^ = 2 . 0 3 ,  l i n e w i d t h  0,75mT were  u s e d ,  f o r  t h e  same 
t e m p e r a t u r e  and m icrowave power.
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F i g u r e  4 . 2 a
E . p . r .  s p e c t r a  from  s u G G ln a t e r e d u o e d  membranes
The e . p . r .  s p e c t r a  from  membranes red u c e d  a n a e r o b i c a l l y  
w i th  sodium s u c c i n a t e  a r e  shown a t  v a r i o u s  t e m p e r a t u r e s .  The 
t e m p e r a t u r e s  a r e  i n d i c a t e d  t o  t h e  r i g h t  o f  th e  t h e  s p e c t r a  and 
t h e  m ajo r  g - v a l u e s  a r e  i n d i c a t e d  below th e  s p e c t r a .  The 
s p e c t r a  show s a t u r a t i o n  o f  t h e  f e r r e d o x i n  s i g n a l  below 30 K, 
a s  t h e  i n t e n s i t y  o f  t h e  s p e c t r a  d e c r e a s e s .  The e x p e r im e n ta l  
c o n d i t i o n s  a r e  a s  d e s c ib e d  f o r  f i g . 4 . l a ,  e x c e p t  t h e  r e c e i v e r  
g a i n  was 5 .0  x 10^ . The p r o t e i n  c o n c e n t r a t i o n  was 85mg/ml.
E.p.r. sp e c tra :
Fum ara te Reductase, 
Succinate reduced ET.P 60K
8 OK
&CK
1 92 g -v a lu e s
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F ig u r e  4 .2 b
E. p..r.*-apfi.Qtiia-Xroiii.. (U,.thioJiUje., r.,e.du.cfi.l. niembnane^
The e . p . r .  s p e o t r a  from membranes r ed u c e d  a n a e r o b i c a l l y  
w i th  sodium d i t h i o n i t e  a r e  shown a t  v a r i o u s  t e m p e r a t u r e s .  The 
t e m p e r a t u r e s  a r e  i n d i c a t e d  t o  th e  r i g h t  o f  t h e  s p e c t r a  and t h e  
m ajo r  g - v a l u e s  a r e  i n d i c a t e d  below th e  s p e c t r a .  The s p e c t r a  
have  s i m i l a r  l i r e s h a p e s  t o  t h o s e  from  s u c c i n a t e  r ed u c e d  
membranes, b u t  show d i f f e r i n g  s a t u r a t i o n ,  t h e  i n t e n s i t y  o f  t h e  
s p e c t r a  shown i n c r e a s e s  from 28 K t o  12 K. The e x p e r im e n ta l  
c o n d i t i o n s  were a s  d e s c r i b e d  f o r  f i g . 4 . l a ,  e x c e p t  t h e  r e c e i v e r  
g a i n  was 8 .0  x 10 . The p r o t e i n  c o n c e n t r a t i o n  was 79mg/ml.
E f.r  sp e c tra  F um ara te Reductase, 
Oittiionite reduced E T P..
1-92 g -values
12-5K
17K
22K
28K
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F i g u r e  4 .2 c
JSimul.ati.ona of_.thje...J.err^ii.oxiiL.ap^.oira
The s i m u l a t i o n s  o f  t h e  f e r r e d o x i n  s p e c t r a  from s u c c i n a t e  
( a )  and d i t h i o n i t e  (b )  r e d u c e d  membranes, a t  2mW microwave 
power and 12 K a r e  shown. S im u la t io n  (a )  was pe rfo rm ed u s in g  
g - v a l u e s  o f  2 .03>1*928 and 1 .9 1 8 ,  t o g e t h e r  w i th  l i n e w i d t h s  o f  
0 . 7 5 ,  0 .85  and I.OmT. S im u la t io n  (b )  was p e rfo rm ed  u s in g
g - v a l u e s  o f  2 .0 3 ,1 .9 2 6  and 1 .9 1 3 ,  t o g e t h e r  w i th  l i n e w i d t h s  o f  
0 . 7 5 ,  0 .8 5  and 1.05mT.
EPR Simulations. 
Ferredoxin Signal
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One o f  t h e  o b j e c t i v e s  o f  t h i s  p a p e r  i s  t o  shed  l i g h t  on 
t h e  r e l a t i o n s h i p  betw een  th e  e . p . r .  s i g n a l s  o b s e rv e d  i n  
d i t h i o n i t e  and s u c c i n a t e  red uced  membranes. At 50 K and 2mW 
microwave power, where bo th  f e r r e d o x i n  s i g n a l s  a r e  
u n s a t u r a t e d ,  a s  d e te rm in e d  by p l o t s  o f  microwave power a g a i n s t  
s i g n a l  h e i g h t  ( d o u b le  l o g a r i t h m i c  p l o t s ,  t h e o r e t i c a l  
u n s a t u r a t e d  s lo p e  0 . 5 ) ,  q u a n t i t a t i o n  o f  t h e  s p in  i n t e n s i t i e s  
gave  v a lu e s  o f  3 «92 nmol/mg p r o t e i n  and 1 .96  nmol/mg p r o t e i n  
f o r  t h e  d i t h i o n i t e  and s u c c i n a t e  sam ples  r e s p e c t i v e l y  ( T a b le  
4 . 2 ) .  Under n o n - s a t u r a t i n g  c o n d i t i o n s  f o r  t h e  H iPIP s i g n a l  
(15 K, 2mW), q u a n t i t a t i o n  o f  i t s  s p i n  i n t e n s i t y  g av e  a v a lu e  
o f  1 .9 4  nmol/mg p r o t e i n .  Coppe r(II)-EDTA was u se d  a s  a 
s t a n d a r d  f o r  t h e  q u a n t i t a t i o n  o f  s p i n  i n t e n s i t i e s .  Com pa r ison 
o f  t h e s e  v a lu e s  w i th  th e  c o n c e n t r a t i o n  o f  a c id  n o n - e x t r a c t a b l e  
f l a v i n ,  i n d i c a t e s  t h a t  a l l  t h e  i r o n - s u l p h u r  c e n t r e s  o f  H. 
G o l i  fu m a r a te  r e d u c t a s e  a r e  p r e s e n t  a t  a r a t i o  o f  
a p p ro x im a te ly  1 : 1  t o  i t s  f l a v i n  m o ie ty  (T a b le  4 . 2 ) .  T ab le
4 .2  shows th e  v a lu e s  o b t a in e d  f o r  non-haem i r o n  and 
a c i d - l a b i l e  s u lp h u r  d e t e r m i n a t i o n s  from t h e  membranes o f  
s t r a i n  JRGIO3 I .  Comparison of t h e s e  v a lu e s  to  th o s e  f o r  t h e  
f l a v i n  m oie ty  i n d i c a t e s  a p p ro x im a te ly  6-7  atom /  m o le c u le  
f u m a r a t e  r e d u c t a s e  f o r  b o th  of t h e s e  e le m e n ts .  V a lues  w e re  
o b t a in e d  by s u b t r a c t i n g  th e  EMG2 v a lu e s  from th e  JGIO3 I v a lu e s  
and d i v id i n g  by th e  s p in  q u a n t i t a t i o n  t h a t  co u ld  be a t t r i b u t e d  
t o  t h e  a m p l i f i c a t o n  o f  t h e  fu m a r a t e  r e d u c t a s e .  The 
a c i d - l a b i l e  s u lp h u r  d e t e r m i n a t i o n  w i l l  be a  more a c c u r a t e
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T a b le  4 ,2
Q u a n t i t a l l e i L -Of-the. jL ren --su lphu r  c e n t r e s  I n  membranes from  E. o o l l
■str.aina EMG2 and., J.fiG103J.
F e r r e d o x i n  1 
F e r r e d o x i n  1 + 2 
HiPIP 
F l a v in
Non-haem i r o n  
A c i d - l a b i l e  s u lp h u r
4 .3  ±  0 .5  
4 .6  dL 0 .7
1 .96 ± . 0 . 0 8
3 . 9 2  dL 0 . 1 1
1.94 ±. 0 . 09
1.93  ±  0 .1 0  
16.1  ±  1.1 
14 .9  ±. 1 .6
Q u a n t i t a t i o n s  a r e  e x p re s s e d  i n  nmol. /  mg p r o t e i n  and a r e  th e  
mean v a lu e s  o f  t h r e e  d e t e r m i n a t i o n s  shown t o g e t h e r  w i t h  th e  
v a r i a t i o n  abou t t h a t  mean.
Q u a n t i t a t i o n s  w e re  pe rfo rm ed  by d o u b le  i n t e g r a t i o n  o f  e . p . r .  
s p e c t r a  as  d e s c r i b e d  i n  M a t e r i a l s  and M ethods. Non-haem i r o n  
and a c i d - l a b i l e  s u lp h u r  d e t e r m i n a t i o n s  we re  pe rfo rm ed  a s  
d e s c r i b e d  i n  th e  t e x t .
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m easu rem ent o f  t h e  I r o n - s u l p h u r  c e n t r e s  a s  I t  i s  s p e c i f i c  f o r  
t h e s e  c e n t r e s ,  w h i l s t  t h e  non-haem i r o n  m easu rem ent co u ld  
i n c l u d e  c o n ta m in a n ts  as  t h e  enzyme i s  membrane bound. The 
e s t i m a t e  o f  non-haem i r o n  and a c i d - l a b i l e  s u lp h u r  p e r  m o le c u le  
o f  f u m a r a t e  r e d u c t a s e  can o n ly  be t a k e n  a s  an  e s t i m a t e  be c au se  
t h e r e  w i l l  be c o n ta m in a t io n  from o t h e r  i r o n - s u l p h u r  c e n t r e s  
b u t  t h i s  c o n ta m in a t io n  can  be c o r r e c t e d  f o r  ( a s  d e s c r i b e d  
above) b e c a u se  o f  th e  s a t u r a t i o n  o f  t h e  membranes o f  t h i s  
s t r a i n  w i th  fu m a r a t e  r e d u c t a s e  ( a p p ro x .  20$ o f  t h e  p r o t e i n  
from s p i n  i n t e n s i t y  m e a s u r e m e n ts ) . Com pa r ison  o f  t h e  non-haem 
i r o n  and t h e  a c i d - l a b i l e  s u lp h u r  d e t e r m i n a t i o n s  from th e  two 
s t r a i n s ,  i n d i c a t e s  a  c l o s e  r e l a t i o n s h i p  be tw een  t h e s e  v a lu e s  
and t h e  i n c r e a s e  i n  fu m a r a t e  r e d u c t a s e  a c t i v i t y ,  a g a in  
c o n f i r m in g  th e  e . p . r  s p e c t r a  to  be from  t h i s  enzyme. The 
v a lu e s  o b t a in e d  a r e  g r e a t e r  th a n  th o s e  p r e v i o u s l y  r e p o r t e d  f o r  
t h i s  enzyme (C o le  ^  a l .  1 9 8 2 ) ,  b u t  t h e s e  l a t t e r  e s t i m a t i o n s  
w e re  on t h e  i s o l a t e d  p r o t e i n ,  and t h e  i s o l a t i o n  p r o c e d u r e  may 
have been  r e s p o n s i b l e  f o r  t h e  l o s s  o f  i r o n - s u l p h u r  c l u s t e r s  
( t h e  HiPIP c e n t r e  from t h i s  c l a s s  o f  enzyme i s  p a r t i c u l a r l y  
l a b i l e ) .
An e . p . r .  s i g n a l  due to  a  ’ t e t r a n u c l e a r ’ f e r r e d o x i n  
c e n t r e  was a l s o  o b se rv e d  from  t h i s  enzyme when re d u c e d  w i th  
d i t h i o n i t e  ( F ig .  4 .3 )  , a s  h a s  been  r e p o r t e d  from  th e  i s o l a t e d  
enzyme (R. Cammack, p e r s o n a l  c o m m u n ic a t io n ) .  S t u d i e s  on 
b o v i n e - h e a r t  m i t o c h o n d r i a l  s u c c i n a t e  d e h y d ro g e n a se  have  shown 
th e  p r e s e n c e  o f  t h i s  ty p e  o f  c e n t r e ,  bo th  by m a g n e t ic  c i r c u l a r
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■Et.p...rji. .gpe.,c.trm.:i?f....th.e.. br,oad-.f.errfi.dQxlii
The e . p . r .  s p e c t ru m  from t h e  b road  f e r r e d o x i n  s i g n a l  (A)
i s  shown t o g e t h e r  w i th  a com pute r  s i m u l a t i o n  o f  t h a t  spec trum
( B ) .  The m ajo r  g - v a l u e s  a r e  i n d i c a t e d  below th e  s p e c t r a .  The
e . p . r .  sp e c t ru m  shown was o b t a i n e d  by s u b t r a c t i n g  a
s i m u l a t i o n  o f  t h e  d i t h i o n i t e  r e d u c e d  f e r r e d o x i n  from th e
e x p e r im e n ta l  s p e c t r a .  The e x p e r im e n ta l  c o n d i t i o n s  w e re  as
d e s c r i b e d  f o r  f i g . 4 . l a  e x c e p t ;  m ic row ave power, 20mW; r e c e i v e r  
5g a i n ,  5 .0  X 10 ; s c a n  r a t e ,  0 .05m T /s  a t  a t im e  c o n s t a n t  of 
I s .  The t e m p e r a t u r e  was 10K and t h e  p r o t e i n  c o n c e n t r a t i o n  was 
120mg/ml. The s im u l a t i o n  (B) was pe r fo rm ed  u s in g  g - v a l u e s  o f  
2 .0 4 5 ,  1 .858  and 1 .6 4 1 ,  t o g e t h e r  w i t h  l i n e w i d t h s  o f  5 . 5 ,  7 .7
and 12.5mT.
Broad F e r r ed o x in  S p ec t ru m
g - v a l u e s 20 4 5 1 858 1641
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d lc h r o i s m  and e . p . r .  s p e c t r o s c o p y  ( Jo h n s o n  £L  5 l L .  1985, T. 
O h n is h i  p e r s o n a l  c o m m u n ic a t io n ) . T h is  c e n t r e  i n  t h e  membrane 
bound fu m a r a t e  r e d u c t a s e  e l i c i t s  a v e ry  b ro ad  spec trum  w i th  
g - v a l u e s  o f  g^ = 2 .0 4 5 ,  g^ = 1 .8 5 8  and g^ = 1 .6 4 1 .  The 
sp e c t ru m  can  be s im u la te d  (10K & 20mW) u s in g  t h e s e  g - v a l u e s  
and l i n e w i d t h s  o f  5 .5  mT, 7 .7  mT and 12.5 mT r e s p e c t i v e l y .  
S p in  q u a n t i t a t i o n s  w e re  ta k e n  from  t h e  e . p . r .  spec trum  and 
t h e  s i m u l a t i o n ,  b e c au se  o v e r l a p  due to  FR1 and FR2, i n  th e  
e . p . r .  sp ec tru m  may have  cau sed  e r r o r s  i n  th e  q u a n t i t a t i o n .  
A v a lu e  o f  0 . 2  nmol/mg p r o t e i n  was o b ta in e d  f o r  t h i s  c e n t r e ,  
show ing  i t  t o  be p r e s e n t  a t  1 /1 0 th  th e  c o n c e n t r a t i o n  o f  th e  
o t h e r  c e n t r e s .  The p r e s e n c e  o f  t h i s  c e n t r e  i n  b o v i n e - h e a r t  
s u c c i n a t e  d eh y d ro g en ase  h as  been  shown to  be d e p e n d e n t  on th e  
enzyme p r e p a r a t i o n  (T. O hn ish i  p e r s o n a l  co m m u n ica t io n ) .
4 . 2 . 3  Redo2._..ti.trati.ona. pf_.lhg_.,f.erfgdo;K ia_gi&iialg.
Redox t i t r a t i o n s  were perfo rm ed t o  i n d i c a t e  th e  number o f  
com ponents  c o n t r i b u t i n g  to  t h e  m a jo r ,  ' b i n u c l e a r '  
f e r r e d o x i n - l i k e  s i g n a l  and a s s i s t  i n  d e s c r i b i n g  any 
i n t e r a c t i o n s  be tw een  c e n t r e s .  When s p e c t r a  o f  redox  t i t r a t i o n  
s a m p le s  we re  t a k e n  unde r  c o n d i t i o n s  which w e re  shown to  be 
n o n - s a t u r a t i n g  (50 K and 2 mW), and s i g n a l  h e i g h t  was p l o t t e d  
a g a i n s t  t h e  s a m p le s ’ am bien t e l e c t r o d e  p o t e n t i a l ,  a  b i p h a s i c  
c u rv e  r e s u l t e d  f o r  t h e  f e r r e d o x i n  s i g n a l  ( F i g . 4 . 4 ) .  Two 
d i s t i n c t  p h a ses  we re  r e s o lv e d  w i th  m id - p o in t  p o t e n t i a l s  o f
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pQt.entl.ometrlc tltra.tl.Qji_pf. the, ferredoxin .gl&nal.»„pH...y^ .Q,
P l o t s  o f  s i g n a l  h e i g h t  ( □ )  and d o u b le  i n t e g r a t e d
i n t e n s i t y  (O  ) a r e  shown p l o t t e d  a g a i n s t  th e  am bien t e l e c t r o d e
p o t e n t i a l  o f  th e  e . p . r .  sam p les .  The p o t e n t i o m e t r i c
t i t r a t i o n s  were  pe rfo rm ed a s  d e s c r i b e d  i n  th e  t e x t .  M id -p o in t
p o t e n t i a l s  o f  t h e  two p h a se s  w e re  a p p ro x im a te ly  -50mV and
-285mV. E x p e r im e n ta l  c o n d i t i o n s  were a s  d e s c r i b e d  f o r
%f i g . 4 . 1 a ,  e x c e p t  r e c e i v e r  g a i n  was 8 .0  x 10 ; t e m p e r a t u r e  was
50 K and th e  p r o t e i n  c o n c e n t r a t i o n  was 38mg/ml. The microwave 
power was 2 mW.
Concentra t ion  (nmol/mg protein) o - o
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Mer n s t  .pi p.ta.-o£...:th.e-js*i ? . . „ pH. ,7.« g
N e rn s t  p l o t s  a r e  shown u s in g  d a t a  p o i n t s  p rod uced  from  
com pute r  a n a l y s i s  o f  th e  red o x  t i t r a t i o n s  a s  d e s c r i b e d  i n  th e  
t e x t .  P l o t s  f o r  yhe t h r e e  m ajo r  e . p . r .  s i g n a l s  a r e  shown: 
FR1, FR2 and FR3, i n d i c a t e d  a d j a c e n t  to  th e  p l o t s .  The v a lu e s  
o f  l o g  o x / r e d  = 0 a r e  i n d i c a t e d  f o r  each s i g n a l .  ^ o f
-285mV (FR 2), -55mV (FR1) and -2 0 mV (FR3) w e re  o b t a in e d  from
t h i s  p l o t .  The v a lu e s  i n d i c a t e d  i n  t h e  t e x t  a r e  t h e  a v e r a g e  
v a lu e s  o f  t h r e e  d e t e r m i n a t i o n s .
Nernst  Plots of Redox T i t r a t i o n . pH7 0 -
-200
.100
FR3_-100
FRI
. - 3 0 0
FR2
log Ox/Red
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- 5 0  ±. 10 mV and -285  ±  10 mV a t  pH 7 .0  and e l e c t r i c a l  
e q u iv a l e n c e s  o f  1 .0  a s  shown by N e r n s t  p l o t s  ( F i g . 4 . 5 ) .  These 
v a l u e s  we re  p H - in d e p e n d e n t  o v e r  t h e  r a n g e  6 .0  t o  8 .0  ( n o t  
show n).  Q u a n t i t a t i o n  o f  th e  s p e o t r a  (d o u b le  i n t e g r a t i o n ,  50K 
and 2mW), a t  each e l e c t r o d e  p o t e n t i a l ,  showed t h a t  t h e  p l o t  o f  
s p i n  i n t e n s i t y  a g a i n s t  e l e c t r o d e  p o t e n t i a l  was s i m i l a r  t o  th e  
p l o t  o f  s i g n a l  h e i g h t  a g a i n s t  e l e c t r o d e  p o t e n t i a l  ( F i g . 4 . 4 ) .  
T h is  l a t t e r  p l o t  a l s o  c o n f i rm e d  t h a t  t h e  two 
p o t e n t i o m e t r i c a l l y  d i s t i n g u i s h a b l e  c e n t r e s  were p r e s e n t  i n  a 
1:1 r a t i o .  The h i g h e r  p o t e n t i a l  s p e c i e s  p roved  t o  be th e  
s u c c i n a t e  r e d u c i b l e  s p e c i e s  and i s  r e f e r r e d  t o  as  FR1 
( f u m a r a t e  r e d u c t a s e  c e n t r e  1) and t h e  low e r  p o t e n t i a l  s p e c i e s ,  
(w h ich  i s  th e  same a s  t h e  a d d i t i o n a l  s p e c i e s  r e d u c e d  by 
d i t h i o n i t e )  i s  r e f e r r e d  t o  a s  FR2. When s p e c t r a  o f  red o x  
t i t r a t i o n  sam p les  w e re  ru n  u n d e r  c o n d i t i o n s  which c a u se  
s a t u r a t i o n  o f  FR1, th e  p l o t s  o f  s i g n a l  h e i g h t  a g a i n s t  
e l e c t r o d e  p o t e n t i a l  become more complex, a s  shown i n  F i g . 4 . 6 .  
On lo w e r in g  t h e  am bien t e l e c t r o d e  p o t e n t i a l  from a v a lu e  a t  
which no r e d u c t i o n  o c c u r s ,  t h e  s i g n a l  h e i g h t  i n i t i a l l y  
i n c r e a s e d  u n t i l  a  p o t e n t i a l  o f  -7 0  mV was r e a c h e d .  F u r t h e r  
lo w e r i n g  o f  t h e  p o t e n t i a l  c a u se d  a d e c r e a s e  i n  s i g n a l  h e i g h t  
b e f o r e  i t  a g a in  i n c r e a s e d  a t  p o t e n t i a l s  below -200  mV. T h is  
e f f e c t  on t h e  t i t r a t i o n  was more pronounced  w i th  lo w e r i n g  o f  
t h e  t e m p e r a t u r e ,  u n t i l  th e  r e g i o n  w he re  t h e  s i g n a l  from  FR1 
was g r e a t l y  a t t e n u a t e d .  These changes  w e re  shown t o  be due to  
changes  i n  t h e  r e l a x a t i o n  t im e s  a c r o s s  t h e  e l e c t r o d e  p o t e n t i a l  
r a n g e  ( s e e  l a t e r ) .  When redox  t i t r a t i o n s  w e re  ru n  unde r
10)
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PotÆJitlome t r io.
Redox t i t r a t i o n s  o f  t h e  f e r r e d o x i n  s i g n a l  ru n  u n d e r  
v a r i o u s  c o n d i t i o n s  a r e  shown. The s i g n a l  h e i g h t  i s  shown 
p l o t t e d  a g a i n s t  t h e  a m b ie n t  e l e c t r o d e  p o t e n t i a l .  The 
e x p e r im e n ta l  c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r  f i g . 4 , l a ,  
e x c e p t :  A), m ic rowave power, 2mW; t e m p e r a t u r e ,  50 K; r e c e i v e r
g a i n ,  6 .3  x 10^; p r o t e i n  c o n c e n t r a t i o n ,  35mg/ml, B) , 
m ic rowave power, 2mW; t e m p e r a t u r e ,  12 K; r e c e i v e r  g a i n ,  
5 .0  X 10^; p r o t e i n  c o n c e n t r a t i o n ,  35mg/ml. C ) , m icrowave
5power, 0,2mW; t e m p e r a t u r e ,  50 K; r e c e i v e r  g a i n ,  1 ,0  x 10 ; 
p r o t e i n  c o n c e n t r a t i o n ,  43mg/ml.
Redox T i t r a t i o n s . 
Fe rredox in  Signal
JCZcn
cn
In
400-200
Eh(mV)
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c o n d i t i o n s  o f  low power and h ig h  t e m p e r a t u r e ,  t h e  
l o w - p o t e n t i a l  f e r r e d o x i n  s i g n a l  was n o t  a s  l a r g e  a s  u n d e r  
c o n d i t i o n s  d e s c r i b e d  p r e v i o u s l y  ( F i g . 4 . 6 0 ) .  T h is  i n d i c a t e d  
t h e  r a p i d  r e l a x a t i o n  f o r  t h i s  c e n t r e  l e a d i n g  to  l o s s  o f  i t s  
e . p . r .  s i g n a l  u n d e r  t h e s e  c o n d i t i o n s .  T h is  was a l s o  s e e n  f o r  
t h e  com pa rab le  c e n t r e  (82)  from b o v i n e - h e a r t  s u c c i n a t e  
d e h y d ro g e n a s e  ( S a le r n o  æJl âL . 1979b) .
Redox t i t r a t i o n s  o f  t h e  b road  f e r r e d o x i n  s i g n a l  showed a 
s i n g l e  s p e c i e s  and gave  a m id - p o in t  p o t e n t i a l  o f  -260  ± .7  mV 
a t  pH 7 .0  f o r  t h i s  c e n t r e  ( n o t  shown). The s i g n a l  was a g a in  
s e e n  t o  be v e ry  b road  and n o t  a s  I n t e n s e  as  th o s e  from t h e  
o t h e r  i r o n - s u l p h u r  c e n t r e s  o f  fu m a r a te  r e d u c t a s e .  The s i g n a l s  
t i t r a t i o n  i n  t h e  low e r  p o t e n t i a l  r e g i o n  may i n d i c a t e  t h a t  t h i s  
c e n t r e  i s  t h e  c au se  o f  th e  i n t e r a c t i o n  o b se rved  f o  FR1 a t  
t h e s e  low p o t e n t i a l s .
4 . 2 . 4  R ,edQ X-ti tr a  t i  0 ja a -ja fL J ^ h ^ J ilE IF _ .5 ig j^
P o t e n t i o m e t r i c  t i t r a t i o n  o f  t h e  HiPIP c e n t r e  gave a v a lu e  
o f  - 3 0  ±. 8 mV f o r  i t s  m id - p o in t  p o t e n t i a l  a t  pH 7 . 0 ,  ( F i g . 4 .5  
& 4 . 7 ) .  T h is  v a lu e  was in d e p e n d e n t  o f  pH ove r  th e  r a n g e  6 .0  
t o  8 .0  ( d a t a  n o t  show n). The m id -p o in t  p o t e n t i a l  f o r  t h i s  
c e n t r e  was low er  th a n  t h a t  r e p o r t e d  f o r  t h e  s i m i l a r  c e n t r e  i n  
s u c c i n a t e  d e h y d ro g e n a se s  from  mammalian, a v ia n ,  and b a c t e r i a l  
s o u r c e s ,  i n c l u d i n g  £.. iioUL (+60 to  +160 mV).
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Redox t i t r a t i o n s  o f  th e  HiPIP s i g n a l  a r e  shown f o r  
n o n - s a t u r a t i n g  ( O )  and s a t u r a t i n g  c o n d i t i o n s  ( □ ) .  The 
s i g n a l  h e i g h t  i s  shown p l o t t e d  a g a i n s t  t h e  am b ien t  e l e c t r o d e  
p o t e n t i a l  o f  t h e  sam ple .  E x p e r im en ta l  c o n d i t i o n s  we re  as  
d e s c r i b e d  f o r  f i g . 4 . l a .  The n o n - s a t u r a t i n g  c o n d i t i o n s  w e re  
15 K and 2mW, th e  s a t u r a t i n g  c o n d i t i o n s  w e re  6 K and 20mW. 
The p l o t s  a r e  n o rm a lis e d  t o  g iv e  maximum s i g n a l  h e i g h t  of  
100%. A m id - p o in t  p o t e n t i a l  o f  -30mV (pH 7.0)  was o b ta in e d  
from  th e  n o n - s a t u r a t i n g  p l o t .  P r o t e i n  c o n c e n t r a t i o n  was 
42rag/ml. The s i g n a l  h e ig h t  of th e  HiPIP c e n t r e  was c o r r e c t e d  
f o r  i n t e r f e r e n c e  from c e n t r e  F R l.
Redox Titra t ions,  HiPIP Signal
100 n — G— 8 “
^ 4 0
JCcn
-100100200
Eh(mV)
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One p o s s i b l e  r e a s o n  f o r  t h i s  d i f f e r e n c e  i s  t h a t  t h e
a fo r e m e n t io n e d  r e s p i r a t o r y  sy s te m s  w e re  u b iq u in o n e  c o n t a i n i n g ,  
w h e re a s  t h e  c u r r e n t  sy s tem  c o n t a i n s  m enaquinone. The 
endogenous qu inone  i s  t h e  most l i k e l y  r e d u c t a n t / o x i d a n t  f o r  
t h e  H iPIP c e n t r e  ( In g le d ew  âL . 1976, S a le r n o  & O h n i sh i
1980) and menaquinone has  a  more n e g a t i v e  m id - p o in t  v a lu e  th a n
u b iq u in o n e  (-7% mV and +30 mV r e s p e c t i v e l y  a t  pH 7 . 0 ,  K ro g e r ,  
1978) .  The HiPIP, i n  t h i s  c a s e ,  f u n c t i o n s  as  an  o x id a n t  o f  
t h e  menaquinone pool w he reas  i n  th e  a e r o b i c  sy s tem  i t
f u n c t i o n s  as  a r e d u c t a n t .  One im p o r t a n t  f a c e t  o f  t h i s  
d i f f e r e n c e  i n  t h e  m id -p o in t  p o t e n t i a l  of th e  H iPIP c e n t r e ,  i s  
t h a t  i t  can  rem a in  s u b s t a n t i a l l y  o x id iz e d  (and  t h e r e f o r e  
p a ra m a g n e t ic )  w h i l e  th e  c e n t r e  FR1 i s  s u b s t a n t i a l l y  r e d u c e d  
(and  t h e r e f o r e  p a ra m a g n e t ic ) .  The r e s u l t  o f  t h i s  was t h a t  
i n t e r a c t i o n s  betw een HiPIP and FR1 cou ld  be s tu d i e d  i n  
f u m a r a t e  r e d u c t a s e ,  w he reas  i n  t h e  o th e r  sy s te m s  m en tioned  
c o n d i t i o n s  canno t  r e a d i l y  be o b t a in e d  i n  which bo th  c e n t r e s  
w ere  s im u l ta n e o u s ly  p a ra m a g n e t ic .  T h is  i n t e r a c t i o n  betw een 
c e n t r e s  FR1 and FR3 h as  a so  been r e p o r t e d  f o r  t h e  i s o l a t e d  
enzyme, as  the  i n c r e a s e  i n  s i g n a l  h e i g h t  o f  FR3 be tw een  -20mV 
and -70mV, unde r  s a t u r a t i n g  c o n d i t i o n s  (Camraack aJL.
1 9 8 4 ) .
When sam ples o f  th e  p o t e n t i o m e t r i c  t i t r a t i o n  w e re  ru n  
unde r  s a t u r a t i n g  c o n d i t i o n s  f o r  t h e  H iPIP c e n t r e  ( F i g . 4 , 7 . ) ,  
t h e r e  was a g a in  s e e n  to  be a ’ hum p ',  i n  th e  p l o t  o f  s i g n a l  
h e i g h t  v e r s u s  e l e c t r o d e  p o t e n t i a l .  T h is  ’ hump' was a g a in
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c e n t r e d  a t  ap p ro x .  -7 0  mV, i n d i c a t i n g  i n t e r a c t i o n  w i th  
a n o th e r  redox  component which t i t r a t e s  a b o u t  t h i s  re d o x  
p o t e n t i a l  ( s e e  l a t e r ) .
4.2.5 Interactions.and_jthe__e.n^r^__8.Deetral_ ch a ra cter is tic s
T em p e ra tu re  p r o f i l e s  o f  th e  t h r e e  s i g n a l s  (H iP IP ,  
s u c c i n a t e  and d i t h i o n i t e  f e r r e d o x i n s )  a t  m icrowave power o f  
20mW, a r e  shown i n  F i g . 4 . 8 .  The d i f f e r e n c e  i n  t h e  p r o f i l e s  
o b t a i n e d  f o r  t h e  s u c c i n a t e  and d i t h i o n i t e  re d u c e d  c a s e s  was 
n o t a b l e ;  t h e  s u c c i n a t e  f e r r e d o x i n  i s  r e a d i l y  s a t u r a t e d  below 
50 K, a t  t h i s  h ig h  power, w h i l e  th e  d i t h i o n i t e  r e d u c e d  s i g n a l  
d id  n o t  h e a v i ly  s a t u r a t e  u n t i l  a p p rox . 16 K (m ic row ave  power 
20 mW). The t e m p e r a t u r e  p r o f i l e s  i n d i c a t d  t h a t  th e  s u c c i n a t e  
r e d u c i b l e  c e n t r e ,  FR1 , had a s lo w e r  r e l a x a t i o n  r a t e  th a n  when 
b o th  f e r r e d o x i n  c e n t r e s  were param agneic  as  i n  d i t h i o n i t e  
re d u c e d  membranes (FR1 + FR2). The HiPIP c e n t r e ,  i n  t h e  f u l l y  
o x i d i s e d  sam p le ,  had a t e m p e r a t u r e  p r o f i l e  which i n d i c a t e d  
t h a t  i t  had a f a i r l y  r a p i d  r e l a x a t i o n  t im e .  I t  was, however 
n o t  so  r a p i d  a s  t h e  mammalian s u c c i n a t e  d e h y d ro g e n a se  H iP IP , 
which i s  no t r e a d i l y  o b se rv e d  above 15 K. T h is  c e n t r e  can  be 
s e e n  a t  u p to  30 K. Power s a t u r a t i o n  p r o f i l e s  f o r  th e  
s u c c i n a t e  r e d u c e d  and d i t h i o n i t e  r e d u c e d  membranes a r e  shown 
a t  d i f f e r e n t  t e m p e r a t u r e s  i n  F i g . 4 . 9 .  Again i t  was s e e n  t h a t  
t h e  s i g n a l  from  s u c c i n a t e  r ed u c e d  membranes (FR1) s a t u r a t e s  
more r e a d i l y ,  t h a n  d id  th e  s i g n a l  from d i t h i o n i t e  r e d u c e d  
membranes (FR1 + FR 2).
108
F ig u r e  4 .8
Temperature, depeiidence of  e.p.r. ,  signal s
The t e m p e r a t u r e  dependence  o f  th e  t h r e e  m ajo r  e . p , r .  
s i g n a l s  a r e  shown by p l o t t i n g  t h e  s i g n a l  h e i g h t  a g a i n s t  t h e  
i n v e r s e  t e m p e r a t u r e .  The s i g n a l  h e i g h t  o f  th e  g = 1 .93  s i g n a l  
f o r  t h e  d i t h i o n i t e  r ed u c e d  ( O )  and t h e  s u c c i n a t e  red u c e d  ( A )  
membranes a r e  shown. The s i g n a l  h e i g h t  f o r  t h e  g = 2 ,01  peak  
o f  th e  o x i d i s e d  s p e c t r a  i s  shown. The e x p e r im e n ta l  c o n d i t i o n s  
w e re  a s  d e s c r i b e d  f o r  f i g . 4 . l a  and t h e  p r o t e i n  c o n c e n t r a t i o n  
was 69mg/ml*
T e m p e r a tu r e  Dependence  of 
e.p.r. Signals.
di thionite
oxidised
in
su c c ina te
150 20010050
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JPOWGT.^ a t u r a t i o h _ _ D r . o f l l ^ . f e r r e d o x i n  s i g n a l s
The power s a t u r a t i o n  p r o f i l e s  o f  t h e  d i t h i o n i t e  and
s u c c i n a t e  r e d u c e d  f e r r e d o x i n  s i g n a l s  a r e  shown a t  two
t e m p e r a t u r e s ,  t o  i n d i c a t e  t h e i r  d i f f e r e n t  s a t u r a t i o n
p r o p e r t i e s .  t h e  t e m p e r a t u r e s  a r e  i n d i c a t e d  a d j a c e n t  to  th e
p r o f i l e s .  The l o g  o f  s i g n a l  h e i g h t  i s  shown p l o t t e d  a g a i n s t
t h e  l o g  o f  microwave power. The s i g n a l  from s u c c i n a t e  red u c e d
membranes i s  s e e n  to  s a t u r a t e  more r e a d i l y  t h a n  t h a t  from
d i t h i o n i t e  r e d u c e d  membranes. The e x p e r im e n ta l  c o n d i t i o n s
we re  a s  d e s c r i b e d  f o r  f i g . 4 . l a ,  e x c e p t  r e c e i v e r  g a i n  was 
45 .0  X 10 and t h e  p r o t e i n  c o n c e n t r a t i o n  was 69mg/ml.
Power S a t u r a t i o n  Profiles, 
Fe r redox in  Signal 12 K
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A com pa r ison  o f  th e  f u l l y  o x i d i s e d ,  s u c c i n a t e  r e d u c e d ,  
and d i t h i o n i t e  red u c e d  sam ples  w i th  sam ples  p o ise d  a t  v a r i o u s  
re d o x  p o t e n t i a l s  p r o v id e s  a d d i t i o n a l  i n f o r m a t io n  ( F i g . 4 , 1 0 a ) ,  
The f e r r e d o x i n  s i g n a l  from a sam ple  p o ise d  a t  low redox  
p o t e n t i a l  (<-400 mV), had a p p ro x im a te ly  th e  same t e m p e r a t u r e  
p r o f i l e  a s  t h e  d i t h i o n i t e  red uced  c a s e .  The f e r r e d o x i n  s i g n a l  
from  a sam ple  p o is e d  a t  app rox . -200  mV, behaved s i m i l a r l y  to  
t h e  s u c c i n a t e  red u c e d  sam ple . However, a  sample p o is e d  a t  
a ro u n d  -80 mV had a t e m p e r a tu r e  dependence  more a k in  to  t h e  
d i t h i o n i t e  red u c e d  sam ple ,  i . e .  i t  had a more r a p i d  
r e l a x a t i o n  r a t e  th a n  th e  s u c c i n a t e  red u c e d  ( o r  -200  mV p o ise d )  
s a m p le ,  A s i m i l a r  e f f e c t  was s e e n  to  a  l e s s e r  d e g re e  i n  t h e  
b e h a v io u r  o f  t h e  HiPIP c e n t r e  ( F i g . 4 , 1 0 b ) ,  a s  t h i s  s p e c i e s  
behaved  s i m i l a r l y  i n  t h e  f u l l y  o x i d i s e d  sam ple  and th e  more 
p o s i t i v e l y  p o is e d  redox t i t r a t i o n  sam ples  (> +100 mV). 
However, when p o i s e d  a t  a p p ro x im a te ly  -50  mV th e  t e m p e ra tu re  
p r o f i l e ,  a t  low e r  t e m p e r a t u r e s ,  shows a g r e a t e r  s i g n a l  h e i g h t  
( t h e  r e l a x a t i o n  r a t e  i n c r e a s e s ,  F i g . 4 , 1 0 ) .  I n c l u s i o n  o f  some 
o f  FR1 gz i n  th e  s i g n a l  h e ig h t  may c o n t r i b u t e  to  th e  i n c r e a s e  
i n  s i g n a l  h e i g h t  a t  t h e s e  low e r  t e m p e r a t u r e s .  These phenomena 
a r e  r e l a t e d  t o  changes i n  t h e  s a t u r a t i o n  p r o p e r t i e s  o f  t h e  
c e n t r e  ( c h a r a c t e r i s e d  by P I /2 )  and s u g g e s te d  an  i n t e r a c t i o n  
b e tw een  t h i s  s p e c i e s ,  which had i t s  r e l a x a t i o n  r a t e  enhanced 
and a second s p e c i e s ,  th e  l a t t e r  i n t r o d u c in g  a s p i n - l a t t i c e  
r e l a x a t i o n  term  (T g ) .  The m ost co m p e l l in g  p ro p o s a l  i s  t h a t  
t h e  H iP IP  and FR1 were  enhanced by I n t e r a c t i o n  w i th  each
I l l
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The te m p e r a t u r e  p r o f i l e s  o f  t h e  e . p . r ,  s i g n a l s  from 
membranes p o i s e d  a t  v a r i o u s  p o t e n t i a l s  a r e  shown, ( a ) :  t h e
f e r r e d o x i n  s i g n a l  from v a r i o u s  s a m p le s .  The p o t e n t i a l  i s  
shown a d j a c e n t  t o  t h e  p r o f i l e s  o f  s i g n a l  h e i g h t  (p ea k  t o  peak , 
g = 1 .9 3 )  v e r s u s  i n v e r s e  t e m p e r a t u r e ,  ( b ) :  t h e  H iPIP s i g n a l
from  v a r i o u s  s a m p le s ,  t h e  redox  p o t e n t i a l  i s  shown a d j a c e n t  
t o  t h e  p r o f i l e s  o f  th e  s i g n a l  h e i g h t  (p ea k  t o  b a s e l i n e ,  
G = 2 .0 1 )  v e r s u s  t h e  i n v e r s e  t e m p e r a t u r e .  The e x p e r im e n ta l
c o n d i t i o n s  were  a s  d e s c r i b e d  f o r  f i g . 4.1 a ,  e x c e p t  r e c e i v e r
5 4g a i n  was 1 ,0  x 10 ( a )  and 5 .0  x 10 ( b ) ,  t h e  p r o t e i n
c o n c e n t r a t i o n  was 42mg/ml.
T em p e ra tu re  Dependence, e.p.r. Signals 
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o t h e r ,  w i th  th e  i n t r o d u c t i o n  o f  a  te rm  to  th e  o th e r
r e l a x a t i o n  p r o c e s s e s .  I t  was o n ly  o v e r  t h e  r an g e  o f  e l e c t r o d e  
p o t e n t i a l  i n  which t h e s e  two c e n t r e s  w ere  s im u l ta n e o u s l y  
p a r a m a g n e t ic  t h a t  t h e s e  e f f e c t s  o c c u re d .  The m id - p o in t  
p o t e n t i a l  o f  menaquinone (-7% mV) o r  th e  p o s s i b i l i t y  o f  t h e  
f l a v i n  t i t r a t i n g  i n  t h i s  r e g i o n  ( c . f .  s u c c i n a t e  
d e h y d ro g e n a se ,  O hn ish i  ^  a l .  1 9 8 1 ) ,  does  no t e x c lu d e  th e  
h y p o t h e s i s  t h a t  th e  e f f e c t  on t h e  redox  t i t r a t i o n  u n d e r  
s a t u r a t i n g  c o n d i t i o n s  was c a u se d  by i n t e r a c t i o n  w i th ,  o r  
m e d ia te d  by, one o f  t h e s e  com ponents . The f l a v i n  from  
f u m a r a t e  r e d u c t a s e  o f  had a m id - p o in t  p o t e n t i a l
( F lg ^  <— > FlHg o r  F1H“ ) o f  a p p ro x ,  -30  mV (pH 7 . 0 ,  c h a p t e r  
6 ) ,  so  t h i s  would a p p e a r  t o  p r e c lu d e  t h i s  redox  c e n t r e  from  
c a u s in g  t h e  ’ hump’ ( a t  - 7 0  mV) i n  th e  FR1 red o x  t i t r a t i o n .  
T h is  m o ie ty  i s  h e a v i ly  s a t u r a t e d  u n d e r  th e  c o n d i t i o n s  u se d ,  so 
i t  i s  u n l i k e l y  t h a t  i t  c o u ld  c a u se  r e l a x a t i o n  o f  a n o th e r  
p a ram ag n e t ,  to  th e  e x t e n t  s e e n  f o r  FR1, by i n t e r a c t i o n .
Comparison o f  th e  t e m p e r a t u r e  p r o f i l e s  o f  d i t h i o n i t e  
r e d u c e d ,  s u c c i n a t e  re d u c e d  and th e  p o t e n t i o m e t r i c a l l y  p o i s e d  
sa m p le s  i n d i c a t e s  t h a t  c e n t r e  FR1 p lu s  c e n t r e  FR2 had a more 
r a p i d  r e l a x a t i o n  r a t e  th a n  c e n t r e  FR1 on i t s  own. When c e n t r e  
FR2 was p a ram ag n e t ic  so  was c e n t r e  FR1, th u s  i f  t h e r e  was no 
i n t e r a c t i o n ,  c e n t r e  FR1 s h o u ld  have  c o n t r i b u t e d  t o  t h e  
t e m p e r a t u r e  and power p r o f i l e s  o b s e rv e d  i n  low p o t e n t i a l  and 
d i t h i o n i t e  red u c e d  s a m p le s ,  p ro d u c in g  a b i p h a s i c  p r o f i l e .  
T h is  was n o t  o b se rv e d ,  i n  f a c t  t h e  f e r r e d o x i n  s p e c i e s  s e e n
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beh av ed ,  i n  i t s  t e m p e r a t u r e  and power p r o f i l e s  ( F i g . 4 .8  & 4 .9 )  
a s  a  homogeneous s p e c i e s .  An e x p l a n a t i o n  f o r  t h i s  o b s e r v a t i o n  
would be t h a t  FR1 and FR2 a l s o  i n t e r a c t ,  and t h a t  t h i s  
i n t e r a c t i o n  r e s u l t e d  i n  b o th  s p e c i e s  h a v in g  t h e  same 
(en h a n c e d )  r e l a x a t i o n  r a t e .  In d e e d ,  t h e  r e l a x a t i o n  r a t e  o f  
FR2 a lo n e  i s  unknown and we a r e  u n a b le  to  d i s c e r n  i t  i n  t h i s  
p r e s e n t  s tudy  ( s e e  c h a p te r  5 & 8 ) .
The p a ra m e te r  P I /2  was m easu red  f o r  t h e  f e r r e d o x i n  s i g n a l
and f o r  th e  HIPIP s i g n a l  th ro u g h o u t  th e  redox  p o t e n t i a l  ran g e
( F i g . 4 . 7 ) .  P I / 2 ,  t h e  m icrowave power a t  w hich th e  c o n d i t i o n
2 2V T^TgH^ygZ 1 i s  met ( V i s  t h e  m a g n e to -g y r ic  r a t i o  and T^  
and Tg a r e  t h e  s p i n - l a t t i c e  and s p i n - s p i n  r e l a x a t i o n  t i m e s ) , 
i s  p r o p o r t i o n a l  t o  H^yg ( t h e  microwave m a g n e t ic  f i e l d  
n e c e s s a r y  t o  s a t u r a t e  a  s p i n  p a c k e t ,  Blum jet. al.» • 1 9 8 3 ) .  P I /2  
i s  t h u s  p r o p o r t i o n a l  t o  l /T ^ T g  and i s  c h a r a c t e r i s t i c  o f  th e  
r e l a x a t i o n  p r o c e s s e s  u n d e r  s a t u r a t i n g  c o n d i t i o n s .  I n  th e  
a b s e n c e  o f  any s p i n - s p i n  i n t e r a c t i o n s  T.^  = T^ , so  a change  i n  
t h e s e  p a r a m e te r s  o r  t h e  i n t r o d u c t i o n  of a  T^ p r o c e s s  w i l l  be 
r e f l e c t e d  a s  a  change  i n  P I / 2 .  From F i g . 4 .1 1 ,  a  c o r r e l a t i o n  
be tw een  th e  P I / 2  v a l u e s ,  w i th  th e  t i t r a t i o n s  o f  t h e  c e n t r e s  
and t h e  ’ hump' i n  t h e  H iPIP  and f e r r e d o x i n  r e d o x  t i t r a t i o n  
un d e r  s a t u r a t i n g  c o n d i t i o n s ,  c o u ld  be d e r i v e d .  T h i s  g i v e s  
s t r o n g  e v id e n c e  f o r  t h e  i n t e r a c t i o n  betw een  FR1 and t h e  H iP IP , 
and FR1 w ith  FR2. The o b s e r v a t i o n  o f  sm a l l  h a l f - f i e l d  s i g n a l s  
( = 2) s h o u ld  be p o s s i b l e  f o r  i n t e r a c t i n g  s p e c i e s .  A
s i g n a l  o f  t h i s  ty p e  was s e e n  i n  d i t h i o n i t e  r e d u c e d  membranes 
(g  = 3 .8 8 )  and i n  sam p les  p o is e d  a t  redox  p o t e n t i a l s ,  whe re
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F ig u r e  4 .1 1
V a r i a t i o n  o f _ P_1/^ w i th  redox. i>Q.t.e iiti.a l
P l o t s  o f  P I / 2  a r e  shown v e r s u s  t h e  a m b ie n t  e l e c t r o d e  
p o t e n t i a l  o f  t h e  sa m p le s ,  f o r  t h e  f e r r e d o x i n  and H iPIP
s i g n a l s ,  P1 /2  was m easu red  from  power p r o f i l e s  and had th e  
c o n d i t i o n s  d e s c r i b e d  i n  t h e  t e x t .  Top; P I /2  f o r  t h e  
f e r r e d o x i n  s i g n a l ,  t e m p e r a t u r e  12 K, Bo ttom : P I /2  f o r  t h e
H iPIP  s i g n a l ,  t e m p e r a t u r e  6 K. The redox  t i t r a t i o n s  o f  th e  
s i g n a l  h e i g h t s  o f  t h e  f e r r e d o x i n  and H iPIP  s i g n a l s  
( n o n - s a t u r a t i n g  c o n d i t i o n s )  a r e  shown a s  t h e  d ash ed  l i n e s .  
The e x p e r im e n ta l  c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g . 4 . l a ,
5e x c e p t  r e c e i v e r  g a i n  was 1 .0  x 10 and t h e  p r o t e i n  
c o n c e n t r a t i o n  was 36mg/ml.
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b o th  FRI and t h e  H IPIP  w e re  p a ra m ag n e t ic  (g = 3 .8 8  & 4 .0 2 ,
c h a p t e r  8 ) .
4.2.6 Jlelaxa.ti.Q,n. of. the.Xerredoxin signals
The r e l a x a t i o n  o f  th e  b road  f e r r e d o x i n  c e n t r e  was 
i n v e s t i g a t e d  b e c au se  o f  i t s  m id -p o in t  p o t e n t i a l ,  which p u t  i t  
i n  t h e  p o t e n t i o m e t r i c  r e g i o n  o f  FR2. A t e m p e r a t u r e  p r o f i l e  i s  
shown i n  F i g . 4 . 1 2 a ,  w hich i n d i c a t e s  t h a t  t h i s  c e n t r e  was a l s o  
r a p i d l y  r e l a x i n g ,  o n ly  b e in g  d e t e c t a b l e  below 30 K. Power 
p r o f i l e s  ( F i g .4 .1 2 b )  a l s o  i n d i c a t e d  th e  r a p i d  r e l a x a t i o n  o f  
t h i s  c e n t r e .  However, i t s  low s p in  q u a n t i t a t i o n  v a lu e s  would 
seem t o  e x c lu d e  t h i s  c e n t r e  from b e in g  an i n t e g r a l  p a r t  o f  
fu m a r a t e  r e d u c t a s e ,  a s  d oes  th e  non-haem i r o n  and a c i d - l a b i l e  
s u lp h u r  d e t e r m i n a t i o n s .  The most p l a u s i b l e  e x p l a n a t i o n  f o r  
t h i s  c e n t r e ,  on t h e  e v id e n c e  to  d a t e ,  would be t h a t  i t  was th e
r e s u l t  o f  a  c e n t r e  c o n v e r s i o n  from th e  H iPIP c l u s t e r .  I f  th e
H iPIP  c e n t r e  was o f  t h e  3 F e - ty p e ,  a s  was t h e  com pa rab le  c e n t r e  
from  b o v i n e - h e a r t  s u c c i n a t e  d e hyd rogenase  ( Jo h n so n  jat. aJL.
1 9 8 5 ) ,  t h e n  th e  c o n v e r s i o n  o f  some of  t h i s  c e n t r e  to  a  4Fe
c e n t r e  i s  p o s s i b l e ,  a s  t h e  ease  o f  c o n v e r s i o n  o f  3Fe to  4 Fe 
c e n t r e s  h a s  b e e n  shown (K en t  ^  a l .  1982, Thomson ^  a l .
1981).
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The b e h a v io u r  o f  FR2 was f u r t h e r  I n v e s t i g a t e d  by 
d e te r m in in g  t h e  s p in  q u a n t i t a t i o n  o f  FR1 and FR2 o v e r  a r a n g e  
o f  t e m p e r a t u r e s  ( f i g . 4 . 1 3 ) .  F i g . 4 .13  shows th e  t e m p e r a t u r e  
d e pendence  o f  th e  s p i n  i n t e n s i t y  a t  2 mW. FR1 shows 
a p p ro x im a te ly  1 .0  s p i n s / f l a v i n  a t  t e m p e r a t u r e s  below 50 K, and 
above t h i s  t e m p e r a t u r e  t h e  s p i n  i n t e n s i t y  d e c r e a s e s  due to  
l i f e t i m e  b ro a d e n in g .  FR1 + FR2 shows a p p ro x im a te ly  2 .0  
s p i n s / f l a v i n  a t  t e m p e r a t u r e s  below 30 K, b u t  r a p i d l y  d e c r e a s e s  
t o  t h e  l e v e l  o f  FR1 a lo n e  above t h i s  t e m p e r a t u r e .  T his  a g a in  
i n d i c a t e s  t h e  r a p i d  r e l a x a t i o n  o f  FR2 and th e  l o s s  o f  i t s  
e . p . r .  s i g n a l  a t  h ig h e r  t e m p e r a t u r e s ,  a s  was shown i n  th e  
re d o x  d a t a .  At 80 K on ly  FR1 s p i n s  cou ld  be d e t e c t e d .  T h is  
b e h a v io u r  was a g a in  s i m i l a r  to  t h a t  se en  f o r  t h i s  c e n t r e  i n  
b o v i n e - h e a r t  s u c c i n a te  dehy d ro g en ase  (O h n i sh i  197 9 ) .
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Figure 4.12 
broad signal
a) A te m p e r a t u r e  p r o f i l e  o f  t h e  b road  f e r r e d o x i n  s i g n a l
i s  shown by a  p l o t  o f  s i g n a l  h e i g h t  a g a i n s t  i n v e r s e
t e m p e r a t u r e .  b) Power p r o f i l e s  o f  t h e  b ro ad  f e r r e d o x i n
s i g n a l ; l o g  s i g n a l  h e i g h t  i s  shown p l o t t e d  a g a i n s t  l o g  I n c i d e n t
microwave power. The t e m p e r a t u r e s  a r e  i n d i c a t e d  a d j a c e n t  t o
th e  c u rv e s .  E x p e r im e n ta l  c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r
f i g . 4 . l a  e x c e p t  t h e  microwave power was 20mW f o r  t h e
5te m p e r a t u r e  p r o f i l e  and th e  r e c e i v e r  g a i n  was 5 .0  x 10 . 
P r o t e i n  c o n c e n t r a t i o n  was 98mg/ml.
h T e t ran u c ie a r  Ferredoxin Signal
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F ig u r e  4 .1 3
■Iemper.at.ur.e dependence- of the spin—concentration lor the. 
I.err.e.doxi.n nignal
AThe s p i n  c o fc e n t r a t i o n s  o f  d i t h i o n i t e  r e d u c e d  ( c l o s e d  
sym bols)  and s u c c i n a t e  re d u c e d  (o p en  sym bols) a r e  shown 
p l o t t e d  a g a i n s t  th e  i n v e r s e  t e m p e r a t u r e .  S p in  c o n c e n t r a t i o n s  
a r e  e x p re s s e d  a s  s p i n s / f l a v i n ,  and we re  d e te rm in e d  as  
d e s c r i b e d  i n  t h e  t e x t .  E x p e r im e n ta l  c o n d i t i o n s  were  a s  
d e s c r i b e d  f o r  f i g . 4 . l a ,  e x c e p t  r e c e i v e r  g a i n  which v a r i e d  f o r  
each  s p i n  q u a n t i t a t i o n .  P r o t e i n  c o n c e n t r a t i o n  was 69m g/m l.3nd 
microwave power was 2 mW.
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4 .3  C on olualO D
The s p e c t r a  o b t a i n e d  from  sam ples  o f  th e  JRGI0 3 I
membranes c l e a r l y  showed t h r e e  c l a s s e s  o f  i r o n - s u l p h u r  c e n t r e :  
a  H iPIP  c l u s t e r ,  ' b i n u c l e a r '  f e r r e d o x i n  c l u s t e r s  and a
'  t e t r a n u c l e a r '  f e r r e d o x i n .  Power and t e m p e r a t u r e  p r o f i l e s  o f  
t h e  H iPIP s i g n a l ,  from o x i d i s e d  membranes and sam ples  p o is e d  
a t  h ig h  redox  p o t e n t i a l s  i n d i c a t e d  a s i n g l e  homogeneous 
s p e c i e s ,  and t h i s  i n d i c a t i o n  was s t r e n g t h e n e d  by th e  
p o t e n t i o m e t r i c  a n a l y s i s  r e s o l v i n g  o n ly  a s i n g l e  component and 
t h e  q u a n t i t a t i o n  o f  t h e  s i g n a l  g i v i n g  a r a t i o  o f
HiPIP : f l a v i n  o f  1 : 1. The f e r r e d o x i n - l i k e  s i g n a l s  a p p e a r e d  
t o  be th e  r e s u l t  o f  more t h a n  one s p e c i e s .  The combined 
r e s u l t s  o f  th e  redox  p o t e n t io m e t r y ,  t h e  q u a n t i t a t i o n  s t u d i e s  
on th e  s u c c i n a t e  e l i c i t e d  sp e c t ru m  and th e  d i t h i o n i t e  e l i c i t e d  
s p e c t ru m ,  showed t h a t  two d i s t i n c t  b i n u c l e a r  f e r r e d o x i n
c e n t r e s  were p r e s e n t  and i n  a 1 : 1 r a t i o .  Also co m p a r iso n  o f  
t h e  i r o n - s u l p h u r  c e n t r e  c o n c e n t r a t i o n s  to  t h a t  o f  th e  f l a v i n ,  
gave  a 1 : 1 r a t i o  f o r  each  o f  th e  c e n t r e s  o f  fu m a r a t e  
r e d u c t a s e .  A lb r a c h t  (1 9 8 0 ) ,  s tu d y in g  m i t o c h o n d r i a l  s u c c i n a t e  
d e h y d ro g e n a se ,  s u g g e s te d  t h a t  th e  i n c r e a s e  i n  s i g n a l  i n t e n s i t y  
o b s e rv e d  when some p r e p a r a t i o n s  o f  t h e  enzyme w e r e . r e d u c e d  by 
d i t h i o n i t e  ( c . f .  s u c c i n a t e  r e d u c e d ) ,  was an  a r t i f a c t  p roduced  
by so lu b illsa t ion of  t h e  enzyme. He s u g g e s te d ,  t h a t  i n  t h e
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i s o l a t e d  enzyme, th e  i n c r e a s e  i n  s i g n a l  i n t e n s i t y  r e s u l t e d  
from an  i n c r e a s e  i n  r e l a x a t i o n  r a t e .  T h is  change  r e s u l t e d  
from a c o n f o r m a t io n a l  c h a n g e ,  which i n  t u r n  r e s u l t e d  from  th e  
r e d u c t i o n  o f  an  unknown, and u n d e t e c t a b l e ,  com ponent. 
However, t h i s  c u r r e n t  s tu d y  was p e rfo rm ed  on  t h e  membrane 
bound enzyme, so  p r e p a r a t i o n  a r t i f a c t s  o f  t h e  type  s u g g e s te d  
by A lb r a c h t  a r e  l e s s  l i k e l y .  The q u a n t i t a t i o n s  o f  t h e  h igh  
and low p o t e n t i a l  f e r r e d o x i n  s i g n a l s  c l e a r l y  i n d i c a t e d  th e  
p r e s e n c e  o f  two c e n t r e s ,  a l th o u g h  i t  was a p p a r e n t  from changes  
i n  s a t u r a t i o n  b e h a v io u r  (power and t e m p e r a t u r e  p r o f i l e s ) ,  t h a t  
t h e  lo w e r  p o t e n t i a l  s p e c i e s  had a  more r a p i d  r e l a x a t i o n  r a t e  
th a n  t h e  h ig h  p o t e n t i a l  s p e c i e s .  The r e l a x a t i o n  o f  t h e  h ig h  
p o t e n t i a l  s p e c i e s  was enhanced  when t h e  lo w e r  p o t e n t i a l  
s p e c i e s  became p a ra m a g n e t ic  ( r e d u c e d ) .
The ' t e t r a n u c l e a r '  f e r r e d o x i n  c e n t r e  was shown t o  be 
p r e s e n t  a t  on ly  1 /1 0 th  th e  c o n c e n t r a t i o n  o f  t h e  o t h e r  
i r o n - s u l p h u r  c e n t r e s  and t h e  f l a v i n .  T h is  c e n t r e  was shown to  
be r a p i d l y  r e l a x i n g  and t o  have a m id - p o in t  p o t e n t i a l  (pH 7 .0 )  
o f  -2 6 0  mV. I t  i s  u n l i k e l y  t h a t  t h i s  c e n t r e  i s  r e s p o n s i b l e  
f o r  t h e  changes  i n  b e h a v io u r  o f  FR1 a t  low p o t e n t i a l s ,  b e c au se  
o f  i t s  low s p i n  c o n c e n t r a t i o n .  The t e t r a n u c l e a r  c e n t r e  would 
be e x p e c te d  t o  i n t e r a c t  w i th  on ly  p a r t  of  t h e  FR1 p o p u l a t i o n ,  
how eve r ,  a t  low p o t e n t i a l s ,  a l l  t h e  FR1 p o p u l a t i o n  changed t o  
a  f a s t e r  r e l a x i n g  s p e c i e s ,  a s  was shown by th e  homogeneous 
s a t u r a t i o n  p r o f i l e s .  Thus FR1 m ust have  b een  i n t e r a c t i n g  w i th  
a n o th e r  s p e c i e s  p r e s e n t  a t  th e  same c o n c e n t r a t i o n  a s  i t s e l f ,  
a ssum ing  i s o l a t i o n  o f  th e  enzyme m o i e t i e s .  The p o s s i b i l i t y
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c a n n o t  be e x c lu d e d  t h a t  th e  ' t e t r a n u c l e a r '  c e n t r e  i s  n o t  f u l l y  
d e t e c t a b l e  by e . p . r . ,  i . e .  t h a t  t h e  f i r s t  e x c i t e d  s t a t e  
(S = 3 / 2 )  o f  t h i s  c e n t r e  i s  s u c h ,  t h a t  i t  i s  s i g n i f i c a n t l y  
p o p u la te d  u n d e r  th e  c o n d i t i o n s  u s e d .  The H iPIP  c e n t r e  from 
b o v i n e - h e a r t  s u c c i n a t e  d e h y d ro g e n a s e  h a s  b een  shown to  be a 
C3Fe-3S] c e n t r e ,  so i t  would seem l i k e l y  t h a t  t h i s  c e n t r e  i n  
fu m a r a t e  r e d u c t a s e  i s  a l s o  o f  t h i s  ty p e .  The most c o m p e l l in g  
c o n c lu s i o n  f o r  t h e  o r i g i n  o f  t h e  ' t e t r a n u c l e a r '  f e r r e d o x i n  
c l u s t e r ,  i s  t h a t  i t  was t h e  r e s u l t  o f  a  m o d i f i c a t i o n  o f  th e  
[3 F e -3 S ]  c l u s t e r  to  a  [4 F e -4 S ]  c l u s t e r  upon r e d u c t i o n  by 
d i t h i o n i t e .  T h is  had  been  shown t o  o c c u r  e a s i l y  f o r  th e  
[3 F e -3 S ]  c l u s t e r  from a c o n i t a s e  (K en t ^  a l .  1982) and a l s o  
c l u s t e r  c o n v e r s i o n  o f  th e  f e r r e d o x i n s  from  C lo s t r i d iu m  
■PaateurianuiQ t o  C3Fe-3S] c l u s t e r s  by o x i d a t i o n ,  h a s  been  shown 
(Thomson ^  a l .  1 9 81 ) .
The s u c c i n a t e  r e d u c i b l e  s p e c i e s  c o u ld  be s tu d i e d  
in d e p e n d e n t ly  o f  th e  d i t h i o n i t e  r e d u c i b l e  FR2. I t  had a 
m id - p o in t  p o t e n t i a l  o f  -5 0  mV (pH 7 .0 )  and a r e l a t i v e l y  slow 
s p i n - l a t t i c e  r e l a x a t i o n  r a t e .  The n e t t  r e l a x a t i o n  r a t e  o f  th e  
c e n t r e  a p p e a re d  t o  be s u b j e c t  t o  i n c r e a s e  by two mechanism s; 
i n t e r a c t i o n  w i th  th e  H iPIP  c e n t r e ,  and i n t e r a c t i o n  w i th  c e n t r e  
FR2. Both o f  t h e s e  i n t e r a c t i o n s  would i n t r o d u c e  a s p i n - s p i n  
r e l a x a t i o n  p r o c e s s .
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C e n t re  FR2 was p r e s e n t  a t  t h e  same c o n c e n t r a t i o n  as  
c e n t r e  FR1 and HiPIP, b u t  i t  c o u ld  no t  be s t u d i e d  i n  
i s o l a t i o n ,  a s  when i t  i s  r e d u c e d ,  and p a r a m a g n e t ic ,  so  i s  
FR1. The c e n t r e  had a m id - p o in t  p o t e n t i a l  o f  -285  mV, The 
s i t u a t i o n  was f u r t h e r  c o m p l ic a te d  by th e  f a c t  t h a t  th e  
p r o p e r t i e s  o f  FR1 w e re  changed by th e  r e d u c t i o n  o f  FR2. 
T em pe ra tu re  and power p r o f i l e s  o f  s u c c i n a t e  and d i t h i o n i t e  
e l i c i t e d  s p e c t r a  showed t h a t  th e  r e l a x a t i o n  t im e  o f  c e n t r e  FR1 
was enhanced on r e d u c t i o n  o f  FR2, The i n d i v i d u a l  p r o f i l e  o f  
FR1 c o u ld  no t be removed from  th e  p r o f i l e s  o f  d i t h i o n i t e  
r e d u c e d  membranes t o  l e a v e  a s e n s i b l e  p r o f i l e  f o r  FR2. In  
f a c t  when bo th  FR1 and FR2 were  r e d u c e d ,  t h e  p ro d u c t ,  a l th o u g h  
b e in g  d o u b le  t h e  c o n c e n t r a t i o n  o f  FR1 , behaved  a s  a 
homogeneous s p e c i e s ,  a s  shown by i t s  power p r o f i l e s .  Thus t h e  
r e d u c t i o n  o f  FR2 to  i t s  p a r a m a g n e t ic  s t a t e  ca u se d  an 
enhancem ent of t h e  r e l a x a t i o n  t im e  o f  c e n t r e  FR1, t o  an  e x t e n t  
t h a t  b ro u g h t  t h e  o v e r a l l  r e l a x a t i o n  t im es  f o r  t h e  two s p e c i e s  
c l o s e  t o g e t h e r .  T his  can  p e rh a p s  b e s t  be i l l u s t r a t e d  by th e  
o b s e r v a t i o n  t h a t  unde r  c o n d i t i o n s  w hich h e a v i l y  s a t u r a t e d  FR1 
a lo n e ,  no s a t u r a t i o n  o f  FR2 p lu s  FR1 was o b s e rv e d .  I t  i s  
e x p e c te d  t h a t  t h i s  e f f e c t  was m u tua l  to  bo th  f e r r e d o x i n s  w i th  
t h e  r e l a x a t i o n  t im e  o f  FR2 b e in g  enhanced  by i n t e r a c t i o n  w i th  
FR1. The c e n t r e s  may t h e n  have  had s i m i l a r  r e l a x a t i o n  t im e s  
i n  t h e  a b sen c e  o f  i n t e r a c t i o n .
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The HIPIP c e n t r e  was p r e s e n t  i n  a p p ro x im a te ly  equa l  
c o n c e n t r a t i o n s  t o  th e  two f e r r e d o x i n  c e n t r e s  and i t  had  a 
m id - p o in t  p o t e n t i a l  o f  -3 0  mV. T h is  c e n t r e  was i n v o lv e d  i n  
one i n t e r a c t i o n ,  t h e  r e s u l t  o f  which was t o  enhance  i t s  
r e l a x a t i o n  r a t e .  The e v id e n c e  a v a i l a b l e  p o i n t s  to  t h e  p a r t n e r  
i n  t h i s  i n t e r a c t i o n  b e in g  c e n t r e  FR1.
Thus i t  h a s  been  shown t h a t  th e  fu m a ra te  r e d u c t a s e  from 
ü .  c o l i  c o n t a i n s  t h r e e  i n t r i n s i c  i r o n - s u l p h u r  c e n t r e s ,  a s  h as  
been  s u g g e s te d  f o r  some of th e  o th e r  s u c c i n a t e - f u m a r a t e  
o x i d o - r e d u c t a s e s  (b o v in e  h e a r t  s u c c i n a t e  d e h y d ro g a n s e ) . I t  
h a s  b een  shown t h a t  th e  £.. c o l l  fu m a ra te  r e d u c t a s e  i s  u n l i k e  
t h a t  from W .o lin e lla  s u c c in o g e n e s  which does  n o t  c o n t a i n  th e  
second  f e r r e d o x i n  c e n t r e ,  but does  c o n t a i n  a t i g h t l y  bound 
cy toch rom e Jb. m o ie ty  ( A lb r a c h t  a l .  1981, Unden a l.. 
1 9 8 4 ) .  S t u d i e s  on th e  i s o l a t e d  fu m a ra te  r e d u c t a s e  and 
s u c c i n a t e  d eh y d ro g e n a se  from £.. have  shown t h a t  th e
t h r e e  m ajo r  i r o n - s u l p h u r  c l u s t e r s  a r e  a l l  p r e s e n t  i n  bo th  of  
t h e s e  enzymes. The redox  p r o p e r t i e s  o f  th e  i r o n - s u l p h u r  
c l u s t e r s ,  from th e  i s o l a t e d  fu m a r a te  r e d u c t a s e ,  a r e  s i m i l a r  to  
t h o s e  o f  th e  membrane bound fo rm , w h i l s t  th o s e  o f  th e  
s u c c i n a t e  dehy d ro g en ase  have  d i f f e r e n t  m id - p o in t  p o t e n t i a l s  
(1 0 ,  -175  & 65 mV r e s p e c t i v e l y ,  Cammack ^  a l .  1984, Condon
j&l a l .  1985).
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CHAPTER FIVE
II n t r i n s i c  S p i n - l a t t i c e  R e l a x a t io n  o f  th e  I r o n - S u lp h u r  C e n t r e s
and th e  E f f e c t s  o f  d y s p r o s i u m ( I I I ) .
re
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5.1 Introduction
The i r o n - s u l p h u r  c e n t r e s  o f  th e  E s c h e r i c h i a  c o l i  
r e s p i r a t o r y  fu m a r a te  r e d u c t a s e  have  been  r e s o l v e d  i n  th e  
p r e v i o u s  c h a p t e r  ( c h a p t e r  4 ) .  I n  t h i s  c h a p te r  th e  r e s u l t s  o f  
i n v e s t i g a t i o n s  i n t o  t h e  s p i n - l a t t i c e  r e l a x a t i o n  mechanisms o f  
t h e s e  i r o n - s u l p h u r  c e n t r e s  a s  a f f e c t e d  by t e m p e r a t u r e  and th e  
r a r e  e a r t h  i o n  d y s p r o s i u r a ( I I I )  a r e  r e p o r t e d .  T h e i r  membrane 
l o c a t i o n  w i th  r e s p e c t  to  s id e d n e s s  and t h e i r  d i s t a n c e s  from 
th e  membrane and p r o t e i n  s u r f a c e s  w e re  i n v e s t i g a t e d  and a r e  
d i s c u s s e d  i n  r e l a t i o n  to  th e  s t r u c t u r e  o f  th e  enzyme.
I r o n - s u l p h u r  c e n t r e s  from o t h e r  s o u r c e s ,  bo th  b i n u c l e a r  
and t e t r a n u c l e a r , have been shown to  have w e l l  d e f in e d  
i n t r i n s i c  r e l a x a t i o n  mechanisms (Blum e l  a l .  1979, 1981,
1983, Gayda ejt aJu. 1976, 1979, S a le r n o  a l .  1977) .  Three 
i m p o r t a n t  mechanisms have been  shown to  dom ina te :  a t  low
t e m p e r a t u r e s  a T^ te m p e r a tu r e  dependence  c h a r a c t e r i s t i c  o f  a 
phonon b o t t l e n e c k  p r o c e s s ;  above t h i s  r e g i o n ,  i n  th e  
i n t e r m e d i a t e  t e m p e r a t u r e  r a n g e ,  a second  o r d e r  Raman p r o c e s s  
becomes d o m in a n t ,  t h i s  i s  s u p e r s e d e d  by a R esonan t  Raman 
(O rbach )  p r o c e s s  a t  h ig h e r  t e m p e r a t u r e s  (Gayda ^  a l .  1976, 
Blum je t  â l .  , 1 9 83 ) .  The l a t t e r  p r o c e s s  i s  c h a r a c t e r i s e d  by
th e  a n t i f e r r o m a g n e t i c  exchange  c o u p l in g  c o n s t a n t  ( J )  among th e  
h i g h - s p i n  i r o n  atoms (Blum e l  a l .  197 9 ,1 9 8 3 ,  Gayda e t  a i .  
1 9 7 6 , S a le r n o  a l .  1977) .  The v a lu e  o f  th e  c o u p l in g  
c o n s t a n t  d i c t a t e s  th e  te m p e r a t u r e  a t  which t h i s  v e ry  f a s t  
r e l a x a t i o n  phase  becomes dom inan t and hence  th e  te m p e r a t u r e
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r a n g e  ove r  wh ich th e  c e n t r e  i s  e . p . r .  d e t e c t a b l e .
On a d d i t i o n  o f  d y s p r o s i u m ( I I I )  th e  s p i n - l a t t i c e  
r e l a x a t i o n  t i m e '  (T^) i s  enhanced  by d i p o l a r  i n t e r a c t i o n  
b e tw een  th e  d y s p ro s iu m C II I )  and th e  i r o n - s u l p h u r  c l u s t e r .  
R e c e n t ly  th e  use  o f  d y s p r o s i u m ( I I I )  and o t h e r  p a ra m a g n e t ic  
t r a n s i t i o n  m e ta l  i o n s ,  a s  d i s t a n c e  p ro b e s ,  has  been  d e v e lo p e d  
by Hyde & Rao (Hyde & Rao 1978, A n th o l in e  ê i  âl.»  1978) and 
Blum ^  â l .  ( 1981, 1983) b a sed  on th e  e a r l i e r  work o f  Case and 
c o -w o rk e r s  (Case & L e igh  1976, Case ejt â l.. 1 9 7 6 ) .  The u se  o f  
d y sp ro s iu m (III ) -E D T A  i n  p a r t i c u l a r  has  been  d e v e lo p e d  b e c au se  
o f  i t s  s p e c i f i c  b in d in g  to  c a r b o x y l a t e  g ro u p s  on th e  p r o t e i n  
s u r f a c e .  I t s  r a p i d  r e l a x a t i o n  and l a r g e  m ag n e t ic  d i p o l e  
r e s u l t  i n  l a r g e  p e r t u r b a t i o n s  i n  th e  e . p . r .  b e h a v io u r  o f  th e  
i n t r i n s i c  s p e c t r a  ( 6 H and P I /2  c h a n g e s ) .  These e f f e c t s  a r e  
q u a n t i f i a b l e  and th e  w e ig h te d  a v e ra g e d  d i s t a n c e  ( | r | )  can  be 
c a l c u l a t e d  e i t h e r  i n  membrane bound o r  i s o l a t e d  p r o t e i n s ,  
g i v i n g  in f o r m a t io n  on th e  p o s i t i o n  o f  th e  redox  c e n t r e s  w i t h i n  
th e  membrane o r  p r o t e i n  (Blum e t  a l  1981 ,1983 , Case & L e igh  
1976, Case e l  a l.. 1976a & b, O h n ish i  jgl 5i .  1982).
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5 .2 .1  The e . p . r .  r e l a x a t i o n  p r o c e s s e s  o f  th e  f e r r e d o x i n  c e n t r e s
The e . p . r .  s p e c t r a  o f  th e  two m ajo r  f e r r e d o x i n s  o f  
f u m a r a t e  r e d u c t a s e  have been  shown to  be c h a r a c t e r i s e d  by 
g ^ = 2 .0 3  and g = 1.93 ( c h a p t e r  4 ) ,  one c e n t r e  r e d u c i b l e  
by s u c c i n a t e  and d i t h i o n i t e  and th e  o t h e r  o n ly  by d i t h i o n i t e .
A H iPIP c e n t r e  c h a r a c t e r i s e d  by a narrow s i g n a l  a t  g = 2 .01  
was a l s o  shown to  be p r e s e n t .  D ip o la r  i n t e r a c t i o n s  betw een 
th e  two f e r r e d o x i n  c e n t r e s  and th e  s u c c i n a t e  r e d u c i b l e  c e n t r e  
(FR1) and th e  HiPIP c e n t r e  (F R 3) , were p roposed  by th e  change 
i n  r e l a x a t i o n  b e h a v io u r  o b se rv ed  when two c e n t r e s  were 
p a ra m a g n e t ic .  The enhancem ent o f  r e l a x a t i o n  was s e e n  a s  a 
r e l i e f  o f  the  power s a t u r a t i o n  o f  th e  c e n t r e s ,  and was assumed 
to  a r i s e  from th e  i n t r o d u c t i o n  o f  s p i n - s p i n  i n t e r a c t i o n  
be tw een  th e  two c e n t r e s .  I n t e r a c t i o n  be tw een  p a ra m ag n e t ic  
c e n t r e s  r e s u l t s  i n  changes i n  the  r e l a x a t i o n  p r o p e r t i e s  o f  th e  
c e n t r e s  by th e  i n t r o d u c t i o n  o f  a s p i n - s p i n  r e l a x a t i o n  t im e ,  
Tg, so i t  i s  im p o r t a n t  to  know to  w hat e x t e n t  th e  r e d u c t i o n  o f  
c e n t r e  FR2 ( t o  a p a ra m a g n e t ic  s t a t e )  a f f e c t s  th e  s a t u r a t i o n  
b e h a v io u r  o f  c e n t r e  FR1. The dependence  o f  P I /2  ( d e f in e d  i n  
c h a p te r  4 ) ,  o f  th e  f e r r e d o x i n  s i g n a l ,  on t e m p e r a tu r e  i s  
c h a r a c t e r i s i c  o f  the  r e l a x a t i o n  p r o c e s s e s ,  u n d e r  s a t u r a t i n g  
c o n d i t i o n s .  The P I /2  dependence  on t e m p e r a t u r e ,  f o r  th e  
f e r r e d o x i n  s i g n a l  i s  shown i n  F i g . 5 . 1 .  The two red u c e d
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F ig u r e  5 . 1 .
T e m p e ra tu re  dependence  o f  P I /2  f o r  th e  f e r r e d o x i n  s i g n a l  from 
s u c c i n a t e  and d i t h i o n i t e  re d u c e d  memb r anes
P I /2  was d e te rm in e d  from  power s a t u r a t i o n  p l o t s  and has  
th e  c o n d i t i o n s  d e s c r i b e d  i n  th e  t e x t .  The lo g  o f  P I /2  (mW) i s  
shown v e r s u s  th e  lo g  o f  th e  t e m p e r a t u r e  (K ) .  The d a t a  
o b t a i n e d  from  s u c c i n a t e  r e d u c e d  membranes (FB I, O ) and 
d i t h i o n i t e  re d u c e d  membranes (FR1 + FR2, O ) a r e  shown. The 
t e m p e r a t u r e  d e p e n d e n c ie s  o f  P I /2  a r e  i n d i c a t e d  a d j a c e n t  to  th e  
to  th e  s t r a i g h t - l i n e  p o r t i o n s  o f  each c u rv e .  E x p e r im e n ta l  
c o n d i t i o n s  w e re  a s  d e c r i b e d  f o r  f i g . 5 . 9 .
T em p e r a tu r e  Dependence
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s t a t e s  (FRI a l o n e  and FRI + FR2) d i f f e r e d  m a rke d ly  i n  t h e i r
0b e h a v i o u r  a t  l o w e r  t e m p e r a t u r e s :  FR1 showed a T dependency o f  
P I / 2 ,  c h a r a c t e r i s t i c  o f  a second o r d e r  Raman p r o c e s s ,  be tw een  
25 K t o  40 K, and a dependency c h a r a c t e r i s t i c  o f  a d i r e c t
r e l a x a t i o n  p r o c e s s  ( Gayda e t  a l .  1976) below 17 K.
Ü 5The c u rv e  f o r  FR1 p l u s  FR2, however ,  showed a T * d e p e n d en c y ,  
below 17 K, which c a n n o t  be r e l a t e d  t o  any p r e v i o u s l y  
r e p o r t e d ,  w e l l  c h a r a c t e r i s e d  r e l a x a t i o n  p r o c e s s .  Th is  
d i f f e r e n c e  i n  t h e  t e m p e r a t u r e  dependency o f  P I / 2  showed t h a t  
t h e  r e l a x a t i o n  p r o c e s s e s  d i f f e r e d  f o r  FR1 a l o n e ,  f rom th o s e  o f  
FR1 p l u s  FR2. FR2 had an e f f e c t  on t h e  power s a t u r a t i o n  o f  
FR1 and FR1 p l u s  FR2 behaved a s  a homogeneous s p e c i e s .
At h i g h e r  t e m p e r a t u r e s  t h e  l i n e w i d t h  ( ^  H) c a n  be used  to  
s tu d y  the  r e l a x a t i o n  p r o c e s s e s .  A p l o t  o f  l i n e w i d t h  (p ea k  to  
peak f o r  g ^ ) v e r s u s  r e c i p r o c a l  t e m p e r a t u r e  i s  shown i n  
F i g . 5 . 2 .  For bo t h  FBI and FR1 p l u s  FR2, two r e g i o n s  we re  
s e e n ;  a t e m p e r a t u r e  i n d e p e n d e n t  r e g i o n  and a r e g i o n  whe re  AH 
was d i r e c t l y  p r o p o r t i o n a l  to  e x p ( A / k T ) .  I t  was s e e n  t h a t  f o r  
FR1 p l u s  FR2 th e  s l o p e  o f  t h i s  r e g i o n  was l e s s  t h a n  t h a t  of  
t h e  c o r r e s p o n d i n g  phase  f o r  FR1 a lo n e ,  a g a i n  showing t h e  
enhancement  o f  t h e  r e l a x a t i o n  when both f e r r e d o x i n s  we re  
p a r a m a g n e t i c .  The t e m p e r a t u r e  i n d e p e n d e n t  r e g i o n s  a r e  
a p p r o x i m a t e l y  t h e  same f o r  t h e  two reduced  s t a t e s .  Th is  i s  to  
be e x p e c t e d ,  b e c au s e  t h e  t e m p e r a t u r e  i n d e p e n d e n t  r e g i o n  o f  t h e  
l i n e w i d t h  r e f l e c t s  t h e  G a u s s i a n  d i s t r i b u t i o n  o f  t h e  c e n t r e s  
w i t h i n  the  s a m p le s ,  and a l s o  c o r r e s p o n d s  t o  t h e  g round  s t a t e s
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F ig u r e  5 . 2 .
T e m p e r a t u r e  dependence  l i n e w i d t h  s _ f  o r  s u c c i n a t e  and
d i t h i o n i t e  r e d u c e d  memb r a n e s
The l i n e w i d t h  ( AH^, peak t o  peak gy ,  open  symbols )  and 
t h e  L o r e n t z i a n  l i n e w i d t h  ( c l o s e d  symbols )  a r e  shown
p l o t t e d  a g a i n s t  t h e  i n v e r s e  t e m p e r a t u r e ,  f o r  bo th  s u c c i n a t e  
r e d u c e d  ( □ ,  ■  ) and d i t h i o n i t e  r e d u c e d  ( o> #  ) membranes .
The L o r e n t z i a n  l i n e w i d t h  was e x t r a c t e d  f rom the  t o t a l  
l i n e w i d t h  a s  d e s c r i b e d  i n  t h e  t e x t .  From th e  s l o p e  o f  AH^ 
(FBI)  J  = 64 .6  and f rom th e  s l o p e  o f  (FR1 + FR2) J  = 3 4 .9
cm“  ^ r e s p e c t i v e l y ,  a s  d e s c r i b e d  i n  t h e  t e x t .  E x p e r im e n ta l  
c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g . 5 . 9 .
T em pe ra tu re  Dependence, EPR Linewidth 
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( S = 1 /2 ,  kT<<3J) f rom which the  e . p . r .  s i g n a l  a r i s e s  ( e . p . r .
s p e c t r a  were s i m i l a r  a t  lowe r  t e m p e r a t u r e s ) .  As t h e  
t e m p e r a t u r e  i s  r a i s e d  (kT >= 3J )  t h e n  the  f i r s t  e x c i t e d  s t a t e  
(S=3/2 )  b e g i n s  t o  be s i g n i f i c a n t l y  p o p u l a t e d .  S=3/2 i s  no t  
e . p . r .  d e t e c t a b l e  so we a r e  m easu r in g  t h e  l o s s  o f  t h e  e . p . r .  
s i g n a l  (S i s  t h e  t o t a l  s p i n  number f o r  t h e  e . p . r .  c e n t r e ,  
S a l e r n o  e ^  a l «  1977b) .  J  i s  the  exchange i n t e g r a l  be tw een  
t h e  two e n e rg y  l e v e l s  and i s  r e l a t e d  t o  t h e  s p i n - l a t t i c e  
r e l a x a t i o n  t im e  by t h e  f o l l o w i n g  e x p r e s s i o n :
whe re  C i s  a  c o n s t a n t  and k i s  t h e  Bolt zmann c o n s t a n t .  The 
l i n e w i d t h  i s  r e l a t e d  to  t h e  s p i n - l a t t i c e  r e l a x a t i o n  t ime by 
th e  f o l l o w i n g  e x p r e s s i o n  ( B e r t r a n d  e t  a l  1980):
1/T^ = g /  M
whe re  ^ and M a r e  c o n s t a n t s  and J  i s  t h e  L o r e n t z i a n  
l i n e w i d t h .  In  t h e  t e m p e r a t u r e  r e g i o n  unde r  s t u d y  i s
t y p i c a l l y  t a k e n  t o  be c o n s t a n t  f o r  a s i n g l e  p a r a m a g n e t i c  
s p e c i e s ,  so = T^. The s lo p e  o f  a p l o t  o f  l o g ( I Z T ^ )  o r  l o g  
v e r s u s  1/T w i l l  t hus  be e qua l  to  - 1 . 3 J .  The L o r e n t z i a n  
l i n e w i d t h  i s  o b t a i n e d  f rom the  t o t a l  l i n e w i d t h  by s u b t r a c t i n g  
t h e  l i n e w i d t h  o f  t h e  t e m p e r a t u r e  i n d e p e n d e n t  r e g i o n  
( Ji S a l e r n o  sJt  â i . .  1977) ,  whe re  -AH^ i s  t h e
t o t a l  l i n e w i d t h ,  J k i s  t h e  L o r e n t z i a n  l i n e w i d t h  and i s
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t h e  l i n e w i d t h  o f  the  t e m p e r a t u r e  i n d e p e n d e n t  r e g i o n .  This  i s  
shown i n  F i g . 5 . 2 .  a s  t h e  s o l i d  symbols .  J  was o b t a i n e d  f rom 
t h e  s l o p e  o f  t h i s  p l o t  ( 6 = - 1 . 3 J / k ) .  For  FR1 a lo n e  i t  was 
found  t h a t  J  = 6 4 .6  + SomT^ and f o r  FR1 p l u s  FR2, J  = 3 4 .9  +3 
cm ^ . Thus FR1 p l u s  FR2 w i l l  show f a s t e r  r e l a x a t i o n  t h a n  FR1
a l o n e  i n  t h i s  t e m p e r a t u r e  r e g i o n .  This  i s  a g a i n  i n d i c a t i v e  
o f  i n t e r a c t i o n  between th e  two f e r r e d o x i n  c e n t r e s ,  c a u s i n g
t h i s  f a s t e r  r e l a x a t i o n .  Below 25 K t h e  l i n e w i d t h s ,  i n  bo th
c a s e s ,  we re  a g a i n  s e e n  to  i n c r e a s e  (n o t  shown) ,  bu t  t h i s  
r e g i o n  i s  due to  s a t u r a t i o n  phenomena c a u s i n g  d e p o p u l a t i o n  o f  
t h e  g round  s t a t e .  The exchange  i n t e g r a l  can  a l s o  be 
d e t e r m i n e d  f rom s t u d i e s  o f  t h e  i n t e g r a t e d  i n t e n s i t y  o f  t h e  
e . p . r .  s i g n a l ,  because  t h i s  d e v i a t e s  f rom the  s im p le  C u r i e  
law t e m p e r a t u r e  dependence ,  a s  t h e  e . p . r .  d e t e c t a b l e  s t a t e  
(S = 1 /2)  becomes d e p o p u la t e d  (Blum a l .  1979, 1981) .
F i g . 5 .3*  shows the  d a t a  f o r  FR1 p l o t t e d  i n  t h i s  manne r.  The 
s l o p e  i s  a g a i n  used to  o b t a i n  t h e  exchange i n t e g r a l ,  and t h e  
i n t e r c e p t  can be used to  o b t a i n  t h e  m u l t i p l i c i t y  of  the  
e x c i t e d  s t a t e  r e l a t i v e  to  t h e  g round  s t a t e .  From t h i s  method 
J  was c a l c u l a t e d  to  be 6 2 .7  ±  3 cm”  ^ which i s  i n  good 
a g r e e m e n t  w i t h  the  v a lu e  f rom l i n e w i d t h  s t u d i e s .
The exchange i n t e g r a l  f o r  FR1 o f  a p p r o x i m a t e l y  65om~^ i s  
a  r e f l e c t i o n  o f  the r h o m b i c i t y  (g^  -  g^)  o f  t h e  e . p . r .  
s p e c t r a  o b t a i n e d  ( S a le r n o  3 ^  a l .  1977, B e r t r a n d  & Gayda 
1979) .  The s p e c t r a  o f  FR1 a l o n e  does  i n d e e d  show r h o m b i c i t y  
o v e r  t h e  t e m p e r a t u r e  r a n g e  i n  which th e  O r b a c h - ty p e  o f  
r e l a x a t i o n  mechanism i s  dom inan t ,  w i th  l e s s  rhombic d i s t o r t i o n
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F ig u r e  5 . 3 .
V a r i a t i o n ,  o f  i n t e n s i t y  w i th_ tem pe r a t u r e  f o r  s u c c i n a t e  r e d u c e d  
membranes
The i n t e g r a t e d  a b s o r p t i o n ,  m u l t i p l i e d  by t h e  t e m p e r a t u r e  
( I  X  T) i s  p l o t t e d  a g a i n s t  t h e  i n v e r s e  t e m p e r a t u r e ,  a f t e r  
c o r r e c t i n g  f o r  t h e  low t e m p e r a t u r e  i n t e n s i t y  f a c t o r  ( I  x T)^ ^ ,  
to  i n d i c a t e  the  d e v i a t i o n  f rom C u r i e ' s  law .  From t h e  s l o p e  
J  = 6 2 .7  cm \  From the  i n t e r c e p t  t h e  m u l t i p l i c i t y ,  o f  the  
g round  s t a t e  r e l a t i v e  to  t h e  f i r s t  e x c i t e d  s t a t e  = 11.  The
e x p e r i m e n t a l  c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g . 5 .9*
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a s  t h e  t e m p e r a t u r e  i s  l o w e r e d .  The low e r  v a l u e  o f  J  f o r  FR1 
p l u s  FR2 p r e d i c t s  g r e a t e r  rhombic  d i s t o r t i o n  t h a n  f o r  FR1 
a l o n e .  However, t h e  exchange  i n t e g r a l  a l s o  r e f l e c t s  changes  
i n  t h e  env i ro n m en t  o f  t h e  i r o n - s u l p h u r  c e n t r e s ,  so a s  t h e  
s p e c t r a  were n o t  f rom a s i n g l e  s p e c i e s ,  t h e  v a lu e  o f  J  may 
r e f l e c t  s p i n - s p i n  i n t e r a c t i o n  be tw een  FR1 and FR2; a  v a l u e  o f  
c a n  be c a l c u l a t e d  a t  a p p r o x i m a t e l y  0.5cm“  ^ i f  t h e  
r e l a x a t i o n  mechanisms a r e  assumed t o  be a d d i t i v e  ( S a l e r n o  
a l . 1977) • For FR1 t h e  s p i n - l a t t i c e  r e l a x a t i o n  can  be
summa r i sed by t h e  f o l l o w i n g  e x p r e s s i o n ;
1/T ^ = AT^ + BT^ + C ex p (
whe re  each te rm w i l l  become dominan t  i n  t u r n  a s  t h e  
t e m p e r a t u r e  i s  r a i s e d .  For FR1 p l u s  FR2 the  r e l a x a t i o n  p r o c e s s  
can  be summa r ised:
l /T^Tg = B 'T ^ '5  + C 'e xp (
whe re  a g a i n ,  each te rm w i l l  be dom inant  ove r  a  g i v e n  
t e m p e r a t u r e  r a n g e ,  w i t h  bo th  s p i n - s p i n  and s p i n - l a t t i c e
r e l a x a t i o n  p r o c e s s e s  c o n t r i b u t i n g  t o  each  te rm.
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5 . 2 . 2  The r e l a x a t i o n  p r o c e s s e s  o f  th e  HiPIP c e n t r e
The s a t u r a t i o n  b e h a v io u r  o f  t h e  HiPIP c e n t r e  h a s  a l s o  
been  i n v e s t i g a t e d .  The t e m p e r a t u r e  dependence  o f  P1 /2  f o r  
H iPIP had t h r e e  p h a s e s  ( F i g . 5 . 4 ) :  below ?K P I / 2  i s  d e p e n d e n t
on a  T^ p r o c e s s ,  be tw een  ?K and 10K a T^^ '^  p r o c e s s .  The 
t e m p e r a t u r e  dependence  o f  t h e  l i n e w i d t h  (peak  to  peak f o r  
g ) had two p h a s e s  o v e r  t h e  t e m p e r a t u r e  r a n g e  s t u d i e d .  Ay ; 2
t e m p e r a t u r e  i n d e p e n d e n t  r e g i o n  and a second  phase  whe re  
AH = Y e x p ( A " / k T ) ,  whe re  A” = - 2 6 . 3 ,  ( F i g . 5 . 5 . ) .  An exchange  
i n t e g r a l  o f  14.3 ± 2  cm  ^ was c a l c u l a t e d  f o r  t h i s  c e n t r e  f rom 
l i n e w i d t h  c h a n g e s .  From i n t e g r a t e d  i n t e n s i t y  d a t a  ( F i g . 5 . 6 . )
An a p p a r e n t  J  was found of  11.7 ± 3 cm~^, which i s  i n  f a i r l y  good 
agreement  w i th  the v a l u e  from th e  l i n e w i d t h  p l o t .  The r e l a x a t i o n  
mechanism f o r  t h e  HiPIP can be summa r ised:
1/T^ = XT^ + ZT^^'^ + Yex p(
The f i r s t  and l a s t  te rms can be a s s i g n e d  t o  w e l l  c h a r a c t e r i s e d  
r e l a x a t i o n  phenomena, namely,  a phonon b o t t l e n e c k  and an  
Orbach p r o c e s s  r e s p e c t i v e l y .  The second  te rm may be a Raman 
r e s o n a n c e  p r o c e s s ,  a l t h o u g h  i t  does  no t  c o r r e s p o n d  t o  any w e l l  
documented  p r o c e s s .  The v a lu e  o f  the  HiPIP exchange i n t e g r a l  
( 1 4 .3  cm~^) i s  low when compared t o  the  HiPIP o f  mammalian
s u c c i n a t e  dehy d ro g e n a se  (44 cmT^, Blum âL.  1 9 79 ) .  This  
low v a l u e  would no t  a p p e a r  to  c o r r e l a t e  w i th  t h ^  d e g r e e  o f  
r h o m b i c i t y  (g^ -  g^ )  i n  the  e . p . r .  spec t rum  o f  t h e  HiPIP 
c e n t r e  (Blum e ^  a l .  1979) ,  w i th  g^ 1  g^ ,  g i v i n g  a  na r row
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F i g u r e  5 .4
-Tempe ra ture dependence  o f  P I / 2  f o r  t h e HiPIP s i g n a l
P1 /2  was d e te r m in e d  u n d e r  t h e  c o n d i t i o n s  d e s c r i b e d  i n  t h e  
t e x t .  The l o g  o f  P I / 2  (mW) i s  shown p l o t t e d  a g a i n s t  t h e  l o g  o f  
t h e  t e m p e r a t u r e  (K). The t e m p e r a t u r e  d e p e n d e n c i e s  o f  P I / 2  a r e  
shown a d j a c e n t  to  t h e  s t r a i g h t - l i n e  p o r t i o n s  o f  t h e  c u r v e .  
E x p e r im e n t a l  c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g . 5 . 1 0 .
T e m p e r a tu r e  Dependence, 
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F ig u r e  5 . 6 .
T em pe r a tu r e  dependence  o f  i n t e n s i t y  f o r  HIPIP
The i n t e g r a t e d  a b s o r p t i o n ,  m u l t i p l i e d  by t h e  t e m p e r a t u r e  
i s  p l o t t e d  a g a i n s t  i n v e r s e  t e m p e r a t u r e ,  t o  show t h e  d e v i a t i o n  
f rom C.u r ie’ s  l aw ,  a f t e r  c o r r e c t i o n  f o r  t h e  low t e m p e r a t u r e
i n t e n s i t y  f a c t o r .  J  = 11 .2 c m ~ \  from the  s l o p e ,  a s  d e s c r i b e d
i n  t h e  t e x t .  The m u l t i p l i c i t y  o f  t h e  g round  s t a t e  to  t h e
f i r s t  e x c i t e d  s t a t e  = 9 . 5 .  E x p e r im e n ta l  c o n d i t i o n s  we re  a s
d e s c r i b e d  f o r  f i g . 5 . 1 0 .
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s i g n a l ,  which i s  s e e n  i n  t h e  peak  a t  g = 2 . 0 1 .  The l a r g e
l i n e w i d t h  f o r  g would,  howeve r ,  a p p e a r  to  show a x i a l i t y  xy
be tw een  g^ and /  g^ .  The l a c k  o f  knowledge c o n c e r n i n g  t h e
r e l a t i o n s h i p  be tween  t h e  s t r u c t u r e  o f  H iP I P - ty p e  c e n t r e s  and
t h e i r  g - t e n s o r s  p r e c l u d e s  any d e f i n i t e  c o n c l u s i o n s ,  c o n c e r n i n g
th e  s t r u c t u r e  o f  the  f u m a r a t e  r e d u c t a s e  HiPIP.  The exchange
i n t e g r a l s  a r e ,  however ,  ve ry  s e n s i t i v e  t o  t h e  i n t e r  i r o n
d i s t a n c e s  i n  t h i s  c e n t r e  ( S a l e r n o  ^  a l .  1977,  Blum ^  ai . .
1979) .  The d i f f e r e n c e s  i n  t h e  exchange  i n t e g r a l s  may a l s o
r e f l e c t  d i f f e r e n c e s  i n  e n v i r o n m e n t a l  f a c t o r s  such as
e l e c t r o s t a t i c  i n t e r a c t i o n s ,  t h e  n a t u r e  o f  t h e  s u r r o u n d i n g
amino a c i d  r e s i d u e s  e t c . .  The re  i s  howeve r ,  a t  p r e s e n t ,  no
d i r e c t  e v id e n c e  to  l i n k  t h e  exchange  i n t e g r a l  or  s p e c t r a l
c h a r a c t e r i s t i c s  t o  t h e  f u n c t i o n a l  p a r a m e t e r s  such as  m i d - p o i n t
p o t e n t i a l  ( B e r t r a n d  & Gayda 1979) .  The low v a lu e  o b t a i n e d  f o r
the  exchange i n t e g r a l  ( J )  i n d i c a t e s  t h a t  t h e  Orbach r e l a x a t i o n
p r o c e s s  w i l l  s t a r t  to  dom ina te  a t  t e m p e r a t u r e s  l o w e r  t h a n  i s
n o r m a l ly  s e e n  f o r  t h i s  type  o f  p r o c e s s .  Indeed  t h i s  may
17.5e x p l a i n  the anomalous T * r e l a x a t i o n  p r o c e s s  which may be 
due to  o v e r l a p  w i t h  a second  o r d e r  Raman p r o c e s s .  I t  may be 
t h a t  we a r e  u n a b le  t o  f u l l y  e v a l u a t e  t h i s  dependency because  
o f  t h e  p r e s e n c e  o f  t h e  Orbach p r o c e s s  a t  t h e s e  lowe r  
t e m p e r a t u r e s .
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F ig u r e  5 .7
Te m pe r a tu r e  dependence  o f  L in e w id th  f rom membranes p o i s e d  a t  
- 7 0  mV
The l i n e w i d t h s  ( A H^) from t h e  f e r r e d o x i n  (O ) and t h e  
HiPIP ( □  ) s i g n a l s  a r e  shown p l o t t e d  a g a i n s t  i n v e r s e  
t e m p e r a t u r e ,  f rom a sample  p o i s e d  a t  -70  mV. The L o r e n t z i a n  
l i n e w i d t h s  we re  o b t i n e d  a s  d e s c r i b e d  i n  t h e  t e x t ,  ( #  , FR1; 
■  , HiPIP)  and f rom th e  s l o p e s  J = 33 om"^ f o r  FR1 and 
J  = 7 . 2  cm~^ f o r  t h e  HiPIP.  E x p e r im e n ta l  c o n d i t i o n s  w e r e  a s  
d e s c r i b e d  f o r  f i g . 5 . 9 .
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I n  c h a p t e r  4 i t  was p roposed  t h a t  a t  r edox  p o t e n t i a l s  a t  
which bo th  t h e  HiPIP c e n t r e  and FR1 we re  p a r t i a l l y  
p a r a m a g n e t i c ,  t h e r e  was i n t e r a c t i o n  be tween  t h e s e  c e n t r e s .  
F i g . 5 . 7  shows t h e  t e m p e r a t u r e  dependence  o f  l i n e w i d t h s  f o r  
t h e s e  two c e n t r e s ,  from a sample p o i se d  a t  - 7 0  raV (peak  o f  
change  i n  P I / 2 ,  c h a p t e r  4 ) .  For t h e  HiPIP c e n t r e  t h e  exchange 
c o u p l i n g  c o n s t a n t  was found t o  be - 7 . 2  cm”  ^ and f o r  FR1 
J  = -33  cm” ^. Thus i t  was found ,  a s  f o r  FR1 p l u s  FR2 t h a t  the  
r e l a x a t i o n  p r o c e s s e s  o f  t h e s e  c e n t r e s  a r e  changed by t h e i r  
i n t e r a c t i o n ,  t h e  i n t r o d u c t i o n  o f  a mechanism caused  th e  
f a s t e r  r e l a x a t i o n  o f  bo th  c e n t r e s .  Both c e n t r e s  were  s u b j e c t  
t o  t h e  a p p a r e n t  f a s t e r  r e l a x a t i o n ,  because  t h e  mechanism 
was mutua l  t o  bo th  c e n t r e s  and t h u s  c o n t r i b u t e d  t o  t h e  
l i n e w i d t h s  o f  b o t h .
5 . 2 . 3  D v s p r o s i u m C I I I )  s t u d i e s  w i t h  membrane-bound enzyme
Power p r o f i l e s  o f  t h e  f e r r e d o x i n  s i g n a l s  f rom s u c c i n a t e  
r e d u c e d  membranes and whole  c e l l s  i n  the  p r e s e n c e  o f  v a r i o u s  
c o n c e n t r a t i o n s  o f  dysp ro s i u m ( I I I ) -E D T A ,  a r e  shown i n  F i g . 5 . 8 .  
The d y s p r o s i u m ( I I I )  complex was shown t o  r e l i e v e  t h e  power 
s a t u r a t i o n  o f  t h e  i r o n - s u l p h u r  c e n t r e ,  on ly  i n  t h e  membrane 
p a r t i c l e s .  Lanthanum-EDTA was i n c l u d e d  a s  a  n o n - p a r a m a g n e t i c
c o n t r o l  and no e f f e c t s  we re  obse rved  f o r  t h i s  complex,  i n  
e i t h e r  c a s e ,  i n d i c a t i n g  t h a t  changes  i n  s a t u r a t i o n  b e h a v io u r
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F ig u r e  5 . 8 .
E f f e c t  o f  Dy-EDTA on  power s a t u r a t i o n  o f  FR1
The e f f e c t  o f  Dy-EDTA on  t h e  power s a t u r a t i o n  p r o f i l e s  o f  
memb ranes  and who le  c e l l s  i s  shown. The l o g  o f  power i s  shown 
v e r s u s  t h e  l o g  of s i g n a l  h e i g h t .  For  t h e  membranes t h e  
c o n c e n t r a t i o n  o f  Dy-EDTA i s  shown a d j a c e n t  t o  t h e  c u r v e s .  For 
whole  c e l l s  t h e  d a t a  f o r  f r e s h  c e l l s  (open  symbols )  and c e l l s  
i n  t h e  p r e s e n c e  o f  lOmM dy-EDTA ( c l o s e d  symbols )  i s  shown. 
E x p e r im e n t a l  c o n d i t i o n s  w e r e  a s  d e s c r i b e d  f o r  f i g . 5 . 9 ;  t h e  
t e m p e r a t u r e  was 21 K.
Effect  of Oy-EDTA on the  
Power Profile of FR1
Membrane Particles
ID
>>»
<
Whole Cells
20020-2
Microwave Power (mW)
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o f  FRI a r e  due to  d y s p r o s i u m ( I I I ) * s  m a g n e t i c  moment.
Q u a l i t a t i v e l y  s i m i l a r  e f f e c t s  we re  o b s e rv e d  i n  a l l  t h r e e
o x i d a t i o n  /  r e d u c t i o n  s t a t e s  examined:  o x i d i s e d ,  s u c c i n a t e
r e d u c e d ,  and d i t h i o n i t e  reduced  membranes.  The n e g a t i v e
r e s u l t  f o r  d y s p r o s i u m ( I I I )  o b s e rv e d  f o r  t h e s e  e . p . r .  s i g n a l s ,
when examined i n  whole  c e l l s  i n d i c a t e s  t h a t  the  d i s t a n c e
be tween  t h e  d y s p r o s i u m ( I I I )  complex and t h e  t h r e e  c e n t r e s  i n  
whole c e l l s  i s  t o o  l a r g e  f o r  t h e r e  t o  be any d e t e c t a b l e
i n t e r a c t i o n .  As dysp ros iumCIII )-EDTA i s  membrane impe rmeable  
(O h n i s h i  et^ â l • 1982) t h e s e  r e s u l t s  i n d i c a t e  t h a t  a l l  t h r e e
i r o n - s u l p h u r  c e n t r e s  o f  fu m a r a t e  r e d u c t a s e  a r e  l o c a t e d  on  t h e  
c y t o p l a s m i c  s i d e  o f  t h e  c e l l  membrane.
The e f f e c t  o f  d y s p ro s i u m C I I I )  on  t h e  i r o n - s u l p h u r  c e n t r e s  
o f  f u m a r a t e  r e d u c t a s e  was s t u d i e d  i n  g r e a t e r  d e t a i l ,  t o  o b t a i n  
i n f o r m a t i o n  on t h e  s p a t i a l  r e l a t i o n s h i p  o f  t h e s e  c e n t r e s
w i t h i n  the  membrane bound and i s o l a t e d  p r o t e i n .  S p e c t r a  o f  
FR1 and th e  HiPIP i n  t h e  p r e se nc e  o f  v a r y i n g  c o n c e n t r a t i o n s  o f  
dys p ro s i u m ( I I I ) - E D T A  a r e  shown i n  F i g . 5 . 9  & 5 . 1 0 .
D y s p ro s i u m C I I I )  e nha nce s  t h e  s p i n - l a t t i c e  r e l a x a t i o n  o f  redox
c e n t r e s  by d i p o l a r  i n t e r a c t i o n  w i th  t h e s e  c e n t r e s .  The
enhancement  o f  r e l a x a t i o n  has  two r e s u l t s ,  a r e l i e f  o f  power
s a t u r a t i o n  and a  b r o a d e n i n g  o f  the  e . p . r .  s p e c t ru m  of  the  
i n t r i n s i c  c e n t r e  ( F i g . 5 . 8 - 5 , 1 0 ) .  The s a t u r a t i o n  p a r a m e t e r  
P i / 2  was a g a i n  u s e d  a s  a measu re  o f  t h e  i n t r i n s i c  i r o n - s u l p h u r  
c e n t r e s '  a b i l i t y  t o  r e l a x .  F i g . 5 . 1 1 ,  shows t h e  e f f e c t  o f  
dysp ros ium CII I )-EDTA on P I / 2 ,  i n d i c a t i n g  t h a t  t h e  r e l i e f  o f
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F i g u r e  5 . 9 .
?^ J2^ u.cgd.. m$mtr.ajie^ _JLD._bbjs_.pr.e^ gAQ.e_ of. 
Dv-EDTA
E . p . r .  s p e c t r a  f rom s u c c i n a t e  r ed u c e d  membranes i n  t h e
p r e s e n c e  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  Dy-EDTA a r e  shown. The
c o n c e n t r a t i o n  o f  Dy-EDTA i s  shown on  t h e  l e f t  o f  t h e  s p e c t r a
and t h e  majo r  g - v a l u e s  a r e  i n d i c a t e d  below t h e  s p e c t r a .  The
g a i n  f a c t o r s  a r e  shown on  t h e  r i g h t  o f  the  s p e c t a .
E x p e r im e n ta l  c o n d i t i o n s  w e r e :  mic rowave power, 20raW; mic rowave
f r e q u e n c y ,  9.48GHz; m o d u l a t i o n  a m p l i t u d e  I.OmT, m o d u l a t i o n
f r e q u e n c y ,  lOOKHz; The r e c e i v e r  g a i n  f o r  t h e  s p e c t r a  i n  t h e
11a b s e n c e  o f  Dy-EDTA was 5 .0  x 10 ; sweep r a t e  was 0 .05mT/s  a t  a 
t ime  c o n s t a n t  o f  I s .  The t e m p e r a t u r e  was 6 K and t h e  p r o t e i n  
c o n c e n t r a t i o n  was 69nig/ml. The c o n c e n t r a t i o n  of  Dy-EDTA i s  shown as
x1 25
x 2 5
EK_Speçfra^çcirxi Rç'îucefJ 
E T P s .  Oy - E DTA. 6K
g - v o t u e s 2 03
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F ig u r e  5 . 1 0 .
E . p . r .  s p e c t r a  o f  o x i d i s e d  membranes i n  t h e  p r e s e n c e  o f  
Dv-EDTA
E . p . r .  s p e c t r a  f rom o x i d i s e d  membranes i n  t h e
p r e s e n c e  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  Dy-EDTA a r e  shown. The 
c o n c e n t r a t i o n  o f  Dy-EDTA i s  shown on  t h e  l e f t  o f  t h e  s p e c t r a  
and t h e  majo r  g - v a l u e s  a r e  shown below t h e  s p e c t r a .  
E x p e r im e n t a l  c o n d i t i o n s  w e r e ;  mic rowave power,  20 mW; 
mic rowave f r e q u e n c y ,  9 . 4 8  GHz; m o d u l a t i o n  a m p l i t u d e ,  I.OmT; 
m o d u l a t i o n  f r e q u e n c y ,  lOOKHz; r e c e i v e r  g a i n  6 .3  x 10 and t h e  
t e m p e r a t u r e  was 7 K. t h e  p r o t e i n  c o n c e n t r a t i o n  was 65mg/ml.
EPR S p e c t r a  HiPIP 
* 0 v-EDTA.7K
0
5
10
g - v o l u e s 2 01 2 0 197
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F ig u r e  5 .1 1 .
V a r i a t i o n  o f  P I /2 :  w i th  Dv-EDTA coA ce .n t r a t i p j i
D a ta  f o r  t h e  HiPIP ( □ )  s i g n a l  and FR1 ( O )  a r e  
p r e s e n t e d .  The v a l u e s  o f  P I / 2  a r e  shown p l o t t e d  a g a i n s t  t h e  
c o n c e n t r a t i o n  o f  Dy-EDTA (mM). Values  o f  P I / 2  (change  i n  
P I / 2  w i th  [Dy-EDTA]) o f  3-61 (HiPIP )  and 1.92 (FBI) we re 
o b t a i n e d  f rom the  s l o p e s  (T a b le  5 . 1 ) .  E x p e r im e n ta l  c o n d i t i o n s  
we re  a s  d e s c r i b e d  f o r  f i g . 5 . 9  e x c e p t  t h e  t e m p e r a t u r e s ,  wh ich 
we re  a s  shown i n  Tab le  5 . 1 .
Variation of P1/ with Dy-EDTA Concentra t ion  '2  --------------------------
HiPIP
a .
FR1
150 5 10
[Dy-EDTA] (mM)
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F ig u r e  5 . 1 2 .
.Var labl .oji g f ^ Z l / Z - W l t b  fcemPêratiUlfi f o r  t h e  t h r e e  r edox
s t a t e s
a P I / 2  was o b t a i n e d  f rom the  s l o p e  o f  P I / 2  v e r s u s  Dy-EDTA 
c o n c e n t r a t i o n  ( f i g 5 . 1 1 ) .  HiPIP ( □ ) ,  s u c c i n a t e  r e d u c e d  (A) and 
d i t h i o n i t e  r e d u c e d  (O) d a t a  i s  p r e s e n t e d .  API/2  i s  shown 
p l o t t e d  a g a i n s t  i n v e r s e  t e m p e r a t u r e .  The s l o p e  shows API/2 = 
k . e x p ( - 1 2 . 5 / T )  f o r  a l l  t h r e e  redox s t a t e s .  The e x p e r i m e n t a l  
c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g . 5 . 9 .
V a r i a t io n  &P1 j with Tem pe ra tu re
100
HiPIPCM
CL
FR1+FR2
FR1
0 100 2003 ,^-1
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power s a t u r a t i o n  was p r o p o r t i o n a l  to  t h e  c o n c e n t r a t i o n  o f  
d y sp ro s iu m (III ) -E D T A  a dded , f o r  FR1 and FR3- The p a r a m e te r
5 P I / 2 ,  which i s  used  f o r  th e  d i s t a n c e  e s t i m a t e s ,  was t a k e n  
from th e  s lo p e  o f  t h i s  g r a p h .  The t e m p e r a t u r e  dependence  o f
(5 P I /2  (shown i n  F ig .  5 . 1 2 . )  i s  a  m easu re  o f  t h e  term
2*^ 1k ^  ^ ^ w h e r e  i s  th e  microwave f re q u e n c y  of
o b s e r v a t i o n  (2 tto) and T^^ i s  th e  s p i n - l a t t i c e  r e l a x a t i o n  tim e 
o f  th e  d y s p ro s iu m C II I )  complex (Hyde & Rao 197 8 ) .  The 
v a r i a t i o n  o f  th e  5 P I /2  w ith  t e m p e r a t u r e  must thus  be tak e n  
i n t o  a c c o u n t  when e s t i m a t i n g  th e  d i s t a n c e  be tw een  th e
d)î5p ro s iu m ( I I I )  and th e  i r o n - s u l p h u r  c e n t r e s ,  when u s in g  t h i s
p a r a m e te r .  I t  was s e e n  t h a t  t h i s  te rm  v a r i e d  a s  e x p ( - 1 2 .5 / T )
f o r  FR1 and FR3, which a g r e e s  w i t h  th e  r e s u l t s  o f  Blum e t  a l .  
(1981 , 1983) f o r  o t h e r  i r o n - s u l p h u r  c e n t r e s .  Blum ^
a l . ( 1980, 1981) i n d i c a t e d  t h a t  th e  c o n t r i b u t i o n s  to  P I /2  were
a d d i t i v e  i f  T^ was assumed to  be c o n s t a n t  i n  t h e  t e m p e r a t u r e
range  o f  the  sy s tem  unde r  s tu d y  and d e v e lo p e d  th e  work o f  Hyde
& Rao (1 9 7 8 ) ,  p r e s e n t i n g  a n  e q u a t i o n  f o r  th e  c a l c u l a t i o n  o f  
th e  w e igh ted  a v e ra g e d  d i s t a n c e  ( i r | )  b e tw een  th e  
d y sp ro s iu m C II I )  complex and th e  i r o n - s u l p h u r  c e n t r e s :
6P 1 /2  i s  th e  c o n c e n t r a t i o n  dependence  o f  P I /2  i n  mW /  mM. A 
d i s t a n c e  o f  5 2 i s  a l lo w e d  f o r  th e  s i z e  o f  th e  d y s p ro s iu m C II I )  
complex (Blum 1981 ) .  For membrane bound p r o t e i n s  a
c o r r e c t i o n  f a c t o r  o f  0 .7  i s  used to  a c c o u n t  f o r  th e
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T ab le  5 .1  '
D i s ta n c e  m ea su rem e n ts ,^ f ro m  t h e , e f f e c t s  o f  Dy3+ on th e  
i n t r i n s i c  e . p . r ,  p rope r t i e s  o f  th e  i r o n - s u l p h u r  c e n t r e s
FBI FR1+FR2 HiPIP
T e m p e ra tu re  (K) 7 15 7
6 P 1 /2  (mW/mM) 1.92 15.0 3 .6 1
I r !  (2) 7 .80  5 .5 8  6 .4 5
T em pe ra tu re  (K) 12 12 7
6H (mT/mM) 0 .2 2 5  0 .2 3 2  0 .1 2 5
I r I  (8 )  5 .43  5 .3 0  4 .60
6H (mT/mM) 0 .45  0 .5 4  0 .4 5max
j r j  (8 )  7 .6  6 .8  7 .6
a n  i s  th e  l i n e w i d t h  enhancem ent i n  th e  r e g i o n  o f  maximal max
b r o a d e n in g .  j r l  i s  a d j u s t e d  (x 0 .7 )  f o r  th e  p r o t e i n  be ing  
membrane bound and 5 % was s u b t r a c t e d  f o r  th e  s i z e  o f  th e  
Dy-EDTA complex. D is ta n c e s  w e re  c a l c u l a t e d  from th e  e q u a t i o n s  
o f  Case e t  a l  ( 1 9 7 6 a ) .
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d y s p r o s i u m d l l )  o n ly  h a v in g  a c c e s s  t o  one s id e  o f  th e  p r o t e i n  
( O h n is h i  ^  a l .  1 9 8 2 ) .  T h is  e q u a t i o n  was used  to  o b t a i n  
e s t i m a t e s  o f  th e  d i s t a n c e s  o f  th e  i r o n - s u l p h u r  c e n t r e s  o f  
fu m a r a t e  r e d u c t a s e  from th e  membrane s u r f a c e  ( c y t o p l a s m i c ) .  
Tab le  5 .1  sum m a r ises  th e  r e s u l t s  f o r  th e  t h r e e  i r o n - s u l p h u r  
c e n t r e s  i n  membrane bound s t u d i e s ,  i n d i c a t i n g  t h a t  they  a r e  
a l l  l o c a t e d  c lo s e  to  th e  c y to p la m ic  membrane s u r f a c e .
Case & L e igh  (1976) d e r i v e d  e q u a t i o n s  f o r  th e  
d e t e r m i n a t i o n  o f  th e  i n t e r - s p e c i e s  d i s t a n c e  from th e  
enhancem ent o f  l i n e w i d t h s ,  ca u se d  by th e  a d d i t i o n  o f  
p a r a m a g n e t ic  t r a n s i t i o n  m e ta l  i o n s .  The dependence  o f  | r  I on  
th e  change i n  l i n e w i d t h  i s  e i t h e r  I r}^  o r  j r l ^  d e p e n d in g  on  
th e  c o n d i t i o n s  o f  th e  m easu rem ent o f  th e  i n t e r a c t i o n  be tw een  
th e  p a ra m ag n e ts .  I f  th e  i n t e r a c t i o n  i s  » n o n - r e l a x i n g ’ (low
g 6t e m p e r a t u r e s )  t h e n  th e  dependency  i s  j r l  but | r I  i f  th e  
i n t e r a c t i o n  i s  ’ r e l a x i n g ’ ( h ig h e r  t e m p e r a t u r e s ,  Case & L e igh  
1 976 ) .  Blum ^  al,. (1981) have  a l s o  p r e s e n t e d  a n  e q u a t i o n  
f o r  t h e  p e r t u r b a t i o n  o f  l i n e w i d t h s  by d y s p r o s i u m ( I I I ) , and 
shown i t s  t e m p e r a t u r e  dependency . F i g . 5 . 13.» shows th e  
t e m p e r a t u r e  dependency  o f  th e  l i n e w i d t h ,  o f  th e  HiPIP c e n t r e  
and FR1 , i n  th e  p r e s e n c e  o f  5 mM d y s p r o s i u m d l l )  to  compare i t  
to  t h a t  shown by th e  c e n t r e s  s t u d i e d  by Blum e i  â i . .  (1 9 8 1 ) .  
I t  was shown t h a t  f o r  each  c e n t r e  t h e r e  a r e  two r e g i o n s ;  a t  
low te m p e r a t u r e s  w here  th e  l i n e w i d t h  enhancem ent was m axim al, 
a t e m p e r a t u r e  in d e p e n d e n t  r e g i o n  ( H enhancem ent p r o p o r t i o n a l
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F ig u r e  5 . 13 .
T em p e ra tu re  d e pejidence. o f ,  I.l_neyld.th_lrL th e .  p r m e .n a e _ p f . . 
Dy-EDTA
D ata  i s  p r e s e n t e d  f o r  a l l  t h r e e  redox  s t a t e s ;  H iPIP  (□ ) ,
s u c c i n a t e  r e d u c e d  (A) and d i t h i o n i t e  r ed u c e d  ( O ) . The
l i n e w i d t h s  w e re  m easu red  a s  d e s c r i b e d  f o r  f i g . 5 .2  & 5 . 5 .  The
s lo p e  shows th e  change i n  H = k e x p (1 5 /T )  f o r  a l l  t h r e e  redox
s t a t e s .  and t h a t  th e  l i n e w i d t h s  re a c h  a maximum a t  low 
t e m p e r a t u r e s  ( ^ ^max^'  The e x p e r im e n ta l  c o n d i t i o n s  w e re  a s  
d e s c r i b e d  f o r  f i g . 5 .9  & 5 .1 0 .
Var ia t ion of Linewidth with T em pe ra tu re  
+5mM Dy~EDTA
cn
%T
.£10 _  FR1+FR2
_FR1
HiPIP
150100
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F i g u r e  5 . 1 4 .
Py-EPJ
D a ta  I s  p r e s e n t e d  f o r  th e  t h r e e  redox  s t a t e s ;  H iPIP (□ ) ,  
s u c c i n a t e  red u c e d  (A ), d i t h i o n i t e  re d u c e d  (O ) . The l i n w i d t h s  
a r e  shown p l o t t e d  a g a i n s t  t h e  c o n c e n t r a t i o n  o f  Dy-EDTA. th e  
l i n e w i d t h s  we re  m easu red  a s  d e s c r i b e d  f o r  f i g . 5 .2  & 5 . 5 .  The 
s lo p e  shows th e  change i n  AH used  f o r  t h e  d i s t a n c e  
c a l c u l a t i o n s  (T a b le  5 . 1 ) .  The e x p e r im e n ta l  c o n d i t i o n s  w e re  a s  
d e s c r i b e d  f o r  f i g . 5 .9  and 5 .1 0 .
Var ia t ion of Linewidth with 
Dv-EDTA Concentra t ion
FR1+FR2
FR1
cn
<3
HiPIP
151050
[Dy-EDTA] (mM)
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oto  ( r I ) ,  and a s  th e  t e m p e r a t u r e  was i n c r e a s e d ,  a  r e g i o n  w he re  
t h e  l i n e w i d th  i s  p r o p o r t i o n a l  to  e x p (1 5 /T )  (A H  enhancem ent i s  
p r o p o r t i o n a l  to  , | r j ^ ) .  T his  i s  i n  good ag re e m e n t  w i th  th e  
d a t a  p r e s e n t e d  by Blum ^  a l .  (1981) and a l l o w s  th e  u s e  o f  
t h e i r  method f o r  th e  e s t i m a t e  o f  d i s t a n c e s  betw een  th e  
d y sp ro s iu m (III ) -E D T A  and th e  i r o n - s u l p h u r  c l u s t e r s .  The 
v a r i a t i o n  o f  l i n e w i d t h  w i th  d y s p r o s i u m ( I I I )  c o n c e n t r a t i o n ,  f o r  
each  c e n t r e  a t  12 K and 20 mW microwave power, i s  shown i n  
F i g . 5 .1 4 .  The r e s u l t s  o f  th e  m easu rem ents  from l i n e  
b ro a d e n in g  d a t a  a r e  p r e s e n t e d  i n  T ab le  5 . 1 . ,  where  d i s t a n c e s  
a r e  i n d i c a t e d  from r e s u l t s  o b t a in e d  from both  | r |  (method o f  
Blum e ^  al.. (1 9 8 1 ))  and | r | ^  r e g i o n s  (method o f  Case & L e igh  
( 1 9 7 6 ) ) .  Com parison w i th  th e  d i s t a n c e s  o b t a i n e d  from P I /2  
s t u d i e s  shows t h a t  th e  r e s u l t s  a r e  i n  r e a s o n a b le  a g re e m e n t .  
D i s t a n c e s  o f  a p p ro x im a te ly  8 8 (13 S -  5 S) f o r  th e  s u c c i n a t e  
r e d u c i b l e  f e r r e d o x i n  and 6 2 (11 8 -  5 ? )  f o r  th e  d i t h i o n i t e  
r e d u c i b l e  f e r r e d o x i n  and th e  HiPIP c e n t r e  w ere  o b t a in e d  f o r  
th e  membrane-bound p r o t e i n .  The v a lu e  from th e  d i t h i o n i t e  
r e d u c i b l e  membranes can  n o t  be ta k e n  a s  a t r u e  e s t i m a t e  o f  th e  
p o s i t i o n  o f  th e  second f e r r e d o x i n  (FR2) , because  o f  th e  
i n t e r a c t i o n  betw een  th e  two f e r r e d o x i n  c e n t r e s  i n  t h e s e  
membranes ( c h a p t e r s  4 & 8) wh ich l e a d s  t o  e r r o r s ,  as  t h e
d i s t a n c e  o b ta in e d  i s  t h a t  to  th e  n e a r e s t  o f  th e  i n t e r a c t i n g  
c e n t r e s  (Blum e t  a l .  1981) .  However our r e s u l t s  do i n d i c a t e  
t h a t  a l l  th e  c e n t r e s  a r e  s i t u a t e d  c lo s e  to  th e  i n n e r  membrane 
s u r f a c e  a s  FR2 i s  w i t h i n  12 8 o f  FR1 ( o b ta in e d  from the  
s t r e n g t h  of  i n t e r a c t i o n ,  c h a p te r  8 ) .
T ab le  5 .2
D is ta n c e  m easu rem ents  from  i s o l a t e d . f u m a r a t e  r e d u c t a s e
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FRl FR1+FR2 HiPIP
T em pe ra tu re  (K) 
6 P 1 /2  (mW/mM)
i n  (8)
T em pe ra tu re  (K) 
AH (mT/mM)
Ir I (8)
Membrane bound p r o t e i n
Ir I (2 )
5
2 .7 4
10.2
12
0.096
10 .49
13.2
5
2 .53
10,4
8
0 .1 22
11.0
10.11
5
3 .0 9
9.96
15
0 .0 9
10 .35
11 .35
A d i s t a n c e  o f  5 8 was a l lo w e d  f o r  th e  s i z e  o f  th e  Dy-EDTA 
com plex. The r e s u l t s  from th e  membrane bound p r o t e i n  w e re  
t r e a t e d  i n  th e  same manner as  f o r  th e  i s o l a t e d  p r o t e i n .  The 
d i s t a n c e  o b ta in e d  was n o t  m u l t i p l i e d  by a c o r r e c t i o n  f a c t o r  
( 0 .7 )  b e f o r e  s u b t r a c t i n g  th e  d i s t a n c e  a llo w ed  f o r  th e  s i z e  o f  
th e  d y s p r o s i u m d l l )  complex (O h n ish i  e t  a l  1982 ) ,
155
5 .2 .4  D y s p ro s iu m C J I lL  sJbudles. on  th e  I s o l a t e d  enzyme
W einer jg l  a l .  ( 1984a) and L em ire  M  a l .  ( 1983) have  
p roposed  a s t r u c t u r e  f o r  th e  membrane bound f u m a r a t e  r e d u c t a s e  
o f  J .  c o l i  based  on e l e c t r o n  m ic roscopy  s t u d i e s .  They 
p ropose  t h a t  th e  c a t a l y t i c  p o r t i o n  o f  th e  enzyme, th e  
f l a v o p r o t e i n  and i r o n - s u l p h u r  c o n ta i n in g  s u b u n i t s ,  p r o t r u d e s  
from th e  i n n e r  membrane s u r f a c e  i n  a s i m i l a r  manner to  th e  
b a c t e r i a l  t r a n s l o c a t i n g  ATPase. I f  t h i s  i s  th e  c a se  th e n  
i n t e r a c t i o n s  w i th  d y s p ro s iu m C II I )  i n  membrane and i s o l a t e d  
p r o t e i n  s t u d i e s  s h o u ld  y i e l d  s i m i l a r  r e s u l t s ,  b e c au se  th e  
d y s p ro s iu m C II I )  complex (Dy-EDTA) would have  a c c e s s  t o  t h e  
m a j o r i t y  o f  b in d in g  s i t e s  on  th e  p r o t e i n  s u r f a c e .  Thus we 
u n d e r to o k  s t u d i e s  on a p r e p a r a t i o n  o f  the  i s o l a t e d  p r o t e i n  to  
compare r e s u l t s  w i th  th o se  from membrane s t u d i e s ,  to  o b s e rv e  
any change i n  th e  i n t e r a c t i o n  betw een th e  i r o n - s u l p h u r  c e n t r e s  
and d y s p r o s i u m C I I I ) . The s t u d i e s  were  perfo rm ed i n  a s i m i l a r  
manner to  th o se  on th e  membrane bound p r o t e i n .  The d i s t a n c e s  
c a l c u l a t e d  from th e  r e s u l t s  a r e  summarised i n  T ab le  5 . 2 ,  which 
shows th e  d i s t a n c e s  o b ta in e d  by bo th  P I /2  and AH 
m easu rem ents . The r e s u l t s  from s t u d i e s  on th e  membrane bound 
enzyme, t r e a t e d  i n  a s i m i l a r  manner a r e  a l s o  shown. The 
membrane-bound e s t i m a t e s  we re  n o t  c o r r e c t e d  f o r  b e in g  
membrane-bound (x 0 , 7 ) .  The re  was a good c o r r e l a t i o n  be tw een  
th e  d i s t a n c e s  o b t a in e d  f o r  th e  HiPIP c e n t r e ,  from th e  two 
p r e p a r a t i o n s  (T a b le  5 . 2 ) :  d i s t a n c e s  o f  9 .9  ( i s o l a t e d )  and
11.35 8 (membrane bound) were  o b t a in e d .  A g r e a t e r  d i s t a n c e
f o r  th e  membrane bound enzyme would be e x p e c te d ,  becau se  i t  i s
156
th e  w e ig h te d  a v e ra g e d  d i s t a n c e ,  th e  d y s p ro s iu m C II I )  would n o t  
be a b l e  to  r e a c h  a l l  th e  b in d in g  s i t e s  on th e  membrane bound 
p r o t e i n ,  FRl d o e s  however show a l a r g e  d i f f e r e n c e  i n  th e  
d i s t a n c e s  o b t a i n e d  , 10 2 ( i s o l a t e d )  and 13.2  8 (membrane
b o u n d ) .  T h is  may r e f l e c t  th e  change i n  b in d in g  o f  th e  
d y s p ro s iu m C II I )  t o  th e  p r o t e i n  i n  t h e  two p r e p a r a t i o n s ,  a s  
t h e r e  may be a s p e c i f i c  b in d in g  s i t e  c lo s e  to  F R l , which would 
c a u se  t h i s  l a r g e  change, Weiner e.t  jJL. (1984a)  have  p roposed  
c h a rg e d  r e g i o n s  on  th e  p r o t e i n  s u r f a c e  w he re  t h e  c a t a l y t i c  
s u b u n i t  b inds  t h e  ancho r  p o l y p e p t i d e s .  I n t e r a c t i o n  betw een  
d y s p ro s iu m C II I )  and th e s e  r e g i o n s  may a c c o u n t  f o r  th e
d i f f e r e n c e  i n  t h e  d i s t a n c e  e s t i m a t e s ,  a s  d y sp ro s iu m  has  a 
s i n g l e  n e g a t iv e  ch a rg e  and w i l l  th u s  b ind  more s t r o n g l y  to  
p o s i t i v e  c h a rg e d  r e g i o n s  of  th e  p r o t e i n  s u r f a c e .  These may be 
i n  th e  membrane i n t r i n s i c  p o r t i o n  o f  th e  c a t a l y t i c  s u b u n i t s  o f  
fu m a r a t e  r e d u c t a s e .  These r e s u l t s  would th u s  a p p e a r  to
c o n f i rm  t h a t  th e  i r o n - s u l p h u r  c e n t r e s  o f  fu m a r a t e  r e d u c t a s e  
a r e  l o c a t e d  i n  a p o r t i o n  o f  th e  enzyme t h a t  p r o t r u d e s  from th e  
membrane s u r f a c e .
The c a t a l y t i c  p o r t i o n  o f  fu m a r a t e  r e d u c t a s e  c o n s i s t s  o f  
th e  i r o n - s u l p h u r  s u b u n i t  and th e  f l a v o p r o t e i n  s u b u n i t  (69 & 27 
K d a l to n  r e s p e c t i v e l y ) .  I f  we assum e a p a r t i a l  s p e c i f i c  volume
(v )  o f  0 .7  and a d e n s i t y  o f  1 ,4  a s  t y p i c a l  v a lu e s  f o r  th e
p r o t e i n ,  th e n  th e  r a d i u s  o f  each s u b u n i t  can  be c a l c u l a t e d .  
I f  a  s p h e r i c a l  shape i s  assumed th e n  r a d i i  o f  20 8 (69 000) 
and 14,8 8 (27 000) a r e  o b t a i n e d ,  which a r e  i n  good ag reem en t 
w i th  th o se  e s t im a te d  by Lem ire  e t  a l . (1983) from e l e c t r o n
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m ic roscopy  s t u d i e s .  A l t e r n a t i v e l y  t h e  r a d i u s  o f  each  s u b u n i t  
can  be e s t i m a t e d  from  th e  e f f e c t  o f  d y s p ro s iu m C II I )  on  th e  
i r o n - s u l p h u r  c e n t r e s  (Blum je t  â L .  1983) ,  which assum es th e  
ch rom opho res  a r e  i n  th e  c e n t r e  o f  th e  p r o t e i n .  From t h i s  
m ethod, r a d i i  o f  16.6  and 14.7 8 we re  o b t a in e d  f o r  th e
f l a v o p r o t e i n  and th e  i r o n - s u l p h u r  s u b u n i t s  r e s p e c t i v e l y .  Thus 
u s in g  ou r  d a t a  from th e  i s o l a t e d  p r o t e i n ,  th e  H iPIP c e n t r e  and 
FRl were shown t o  be l o c a t e d  deep  w i t h i n  th e  c a t a l y t i c  
s u b u n i t ,  a s  th e  v a lu e s  a r e  i n  good a g re e m e n t .  Knowledge 
c o n c e rn in g  th e  p lac e m e n t  o f  th e  i r o n - s u l p h u r  c e n t r e s ,  w i t h i n  
th e  two c a t a l y t i c  s u b u n i t s  i s  a t  p r e s e n t  l i m i t e d  to  th e  
knowledge o f  th e  s e q u e n c e s  o f  th e  two p o l y p e p t id e s  (C o le  1982, 
Cole .g jb  â l _ .  1 9 8 2 ) .  From th e  s e q u e n c e ,  th e  c y s t e i n e  r e s i d u e s  
o f  th e  i r o n - s u l p h u r  s u b u n i t  a p p e a r  to  be g ro u p ed  i n  t h r e e  
c l u s t e r s .  This  would a p p e a r  to  i n d i c a t e  th e  p r e s e n c e  o f  a l l  
t h r e e  i r o n - s u l p h u r  c l u s t e r s  i n  t h a t  s u b u n i t ,  b u t  two o f  th e  
c y s t e i n e  c l u s t e r s  o n ly  c o n t a i n  t h r e e  r e s i d u e s  and so  would 
r e q u i r e  e i t h e r  a c y s t e i n e  r e s i d u e ,  o r  th e  n i t r o g e n  from an 
amino a c id  a s  t h e  f o u r t h  l i g a n d ,  to  c o n s t r u c t  a  f u n c t i o n a l  
i r o n - s u l p h u r  c e n t r e .  These r e s i d u e s  may come from th e  
f l a v o p r o t e i n  s u b u n i t .  The c y s t e i n e  r e s i d u e s  i n  th e  
f l a v o p r o t e i n  s u b u n i t  a r e  n o t  g ro u p ed  i n  any c l u s t e r s .  The 
c l u s t e r s  o f  th e  i r o n - s u l p h u r  s u b u n i t  have been shown to  be 
co n se rv e d  be tw een s i m i l a r  enzymes (G uest e i  â L .  1984), 
c o n f i rm in g  t o  a  l a r g e  e x t e n t  th e  l o c a t i o n  o f  th e  c l u s t e r s .  I f  
th e  i r o n - s u l p h u r  c e n t r e s  a r e  a l l  i n  t h e  same s u b u n i t ,  t h e n  our 
s tu d y  has  p la c e d  them deep w i t h i n  t h a t  s u b u n i t  and th u s  c lo s e  
t o g e t h e r .  The w e ig h te d  a v e ra g e d  d i s t a n c e ,  j r l ,  i s  u s u a l l y  an
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o v e r e s t i m a t e  so t h e s e  d i s t a n c e s  can  be t a k e n  a s  a  maximum 
(Blum jsùt â l .  1 981 ) ,
5 . 3  C o n c lu s io n
The i r o n - s u l p h u r  c e n t r e s  o f  t h e  jE. c o l i  r e s p i r a t o r y  
fu m a r a t e  r e d u c a s e  have  been shown to  have w e l l  d e f in e d  
r e l a x a t i o n  p r o c e s s e s  s i m i l a r  t o  th o s e  o f  o t h e r  i r o n - s u l p h u r  
c e n t r e s  (Blum je t  a l *  197 9, 1983, Gayda .g l  a l .  1976, S a le rn o
^  â i . .  1977) .  Namely, phonon b o t t l e - n e c k ,  second  o r d e r  Raman 
and Resonance Raman (O rbach) m echanism s, a s  o u t l i n e d  i n  th e  
R e s u l t s  and D i s c u s s i o n  s e c t i o n .  The O rbach r e l a x a t i o n  
mechanisms w e re  u sed  t o  c h a r a c t e r i s e  th e  a n t i f e r r o m a g n e t i c  
c o u p l in g  c o n s t a n t s .  The r e l a x a t i o n  mechanisms w e re  o b se rv ed  
t o  change when more t h a n  one p a ra m a g n e t ic  s p e c i e s  was 
p r e s e n t .  This  was assumed t o  be due to  th e  i n t r o d u c t i o n  o f  a 
Tg mechanism be tw een  th e  i n t e r a c t i n g  c e n t r e s ,  b ecause  th e  
r e s u l t i n g  r e l a x a t i o n  was f a s t e r  t h a n  f o r  t h e  in d e p e n d e n t  
c e n t r e s .  In  t h e  d i t h i o n i t e  red u c e d  membranes t h e  f e r r e d o x i n  
s i g n a l  showed homogeneous r e l a x a t i o n .  The exchange i n t e g r a l s  
i n d i c a t e d  t h a t  th e  r e l a x a t i o n  a t  h i g h e r  t e m p e r a t u r e s  was 
f a s t e r ,  when two p a ra m a g n e t ic  s p e c i e s  we re  p r e s e n t ,  because  
th e  v a lu e s  f o r  J  w ere  l e s s  t h a n  th o s e  f o r  t h e  in d e p e n d e n t  
s p e c i e s .  The r e l a x a t i o n  p r o c e s s e s  f o r  th e  i n t e r a c t i n g  s p e c i e s  
w i l l  be c h a r a c t e r i s t i c  o f  T^  and T^,
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The i r o n - s u l p h u r  c e n t r e s  o f  fu m a r a t e  r e d u c t a s e  w e re  shown 
t o  be l o c a t e d  on th e  c y to p la s m ic  a s p e c t  o f  th e  c e l l  membrane 
by t h e i r  i n t e r a c t i o n  w i th  d y s p r o s i u m C I I I ) -  EDTA. No 
i n t e r a c t i o n s  w e re  o b se rv e d  i n  f r e s h  w hole  c e l l s ,  where th e  
d y s p ro s i u m C I I I )  c o u ld  n o t  p e rm eate  th e  c e l l  membrane, 
i n d i c a t i n g  th e  d i s t a n c e  betw een  i t  and th e  i r o n - s u l p h u r  
c e n t r e s  was l a r g e  (> 25 8 ) .  A s t r o n g  i n t e r a c t i o n  was o b se rv e d  
f o r  a l l  t h r e e  i r o n - s u l p h u r  c e n t r e s  when d y s p r o s i u m ( I I I )  was 
added  t o  e v e r t e d  membrane v e s i c l e s ,  showing t h a t  th e  c e n t r e s  
w ere  c lo s e  to  th e  i n n e r  c e l l  membrane s u r f a c e .  D is ta n c e  
c a l c u l a t i o n s  (w e ig h te d  a v e ra g e d  d i s t a n c e ,  | r | ) were perfo rm ed 
i n  t h e  manner o f  Blum e t  a l .  ( 1 9 8 1 ) ,  from the  change p roduced 
i n  P I / 2  and l i n e w i d t h  o f  th e  c e n t r e s  by t h e  dysprosiumC I I I )  
com plex . FR1 was shown to  be w i t h i n  8 8 o f  th e  membrane 
s u r f a c e  and th e  HiPIP a t  a p p ro x im a te ly  6 2 from th e  membrane 
s u r f a c e  (T a b le  5 . 1 ) ,  when th e  d a t a  was t r e a t e d  i n  th e  manner 
o f  O h n i s h i  .e t  â l . .  ( 1982). A r e l i a b l e  e s t i m a t e  f o r  FR2 co u ld  
n o t  be made due to  i n t e r a c t i o n  be tw een  th e  two f e r r e d o x i n
c e n t r e s  (Blum .gjt a l .  1981) ,  though i t  was a l s o  presumed to  be
c l o s e  to  th e  membrane s u r f a c e .
S t u d i e s  on th e  i s o l a t e d  p r o t e i n  ( c a t a l y t i c  d im e r ,  D ic k ie  
e t  a l . 1979) were  pe rfo rm ed , to  d e te rm in e  th e  s p a t i a l
a r r a n g e m e n t  o f  th e  c e n t r e s  w i t h i n  th e  p r o t e i n  and to  
i n v e s t i g a t e  th e  s t r u c t u r e  o f  th e  p r o t e i n  i n  th e  membrane. 
When r e s u l t s  from bo th  i s o l a t e d  and membrane bound p r o t e i n s
w e re  t r e a t e d  i n  th e  same manner (no c o r r e c t i o n  f o r  be ing
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membrane bou n d ) ,  t h e n  s i m i l a r  d i s t a n c e  m easu rem ents  w e re  
o b t a i n e d  f o r  th e  i r o n - s u l p h u r  c e n t r e s  from bo th  s e t s  o f  d a t a ,  
( T a b le  5 . 2 ) .  T h is  i s  a  good i n d i c a t i o n  t h a t  a l l  t h r e e  
i r o n - s u l p h u r  c e n t r e s  a r e  i n  th e  c a t a l y t i c  p o r t i o n  o f  th e  
f u m a r a t e  r e d u c t a s e  and t h a t  t h i s  i s  membrane e x t r i n s i c .  
C om pa r isons  o f  th e  r a d i i  f o r  th e  p r o t e i n  o b t a in e d  from th e  
m o le c u la r  w e ig h t  and from  th e  e f f e c t s  o f  dysp ro s ium  w e re  i n  
r e a s o n a b l e  a g re e m e n t ,  so t h e  i r o n - s u l p h u r c l u s t e r s  o f  f u m a r a t e  
r e d u c a s e  can  be p la c e d  deep  w i t h i n  th e  c a t a l y t i c  p o r t i o n  o f  
th e  enzyme.
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CHAPTER SIX
C h a r a c t e r i s a t i o n  o f  t h e  F l a v i n  M oiety
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6.1 Ip tro-diiotiofl
F um a ra te  r e d u c t a s e  h a s  been  shown to  c o n t a i n  th e  same 
c o v a l e n t l y  bound f l a v i n  m o ie ty  as mammalian m i t o c h o n d r i a l  
s u c c i n a t e  d ehyd rogenase  and some o t h e r  f l a v o p r o t e i n s  (W eine r  & 
D i c k ie  1 9 79 ) .  T h is  f l a v i n  m o ie ty ,  Q a  - [ N ( 3 ) - h i s t i d y l ] F A D ,  
was l o c a t e d  i n  th e  l a r g e r  of t h e  two c a t a l y t i c  s u b - u n i t s  o f  
fu m a r a t e  r e d u c t a s e ,  by f l u o r e s c e n c e  s c a n n in g  o f  
S D S -p o ly a c ry la m id e  g e l s  from th e  two c a t a l y t i c  s u b - u n i t s .  The 
f l a v i n  coenzyme o f  the  s u c c i n a t e - f u m a r a t e  o x id o r e d u c ta s e  
enzymes has  been  p roposed  t o  f u n c t i o n  as  a  c o n v e r t e r  o f  n = 2 
e l e c t r o n - t r a n s f e r  s t e p s  t o  n = 1 e l e c t r o n - t r a n s f e r  s t e p s  
(O h n is h i  a t  a l .  1 9 8 1 ) .  To a ccom plish  t h i s  a  s t a b l e  
sem iqu inone  f r e e  r a d i c a l  would be r e q u i r e d  t o  a c t  as an 
i n t e r m e d i a t e ,  be tw een th e  f u l l y  o x i d i s e d  and f u l l y  red u ced  
fo rm s o f  th e  f l a v i n .  O hn ish i  a t  J l .  (1981) have  shown th e  
f r e e  r a d i c a l  o f  mammalian s u c c i n a t e  d e h y d ro g e n a se  t o  be 
r e a s o n a b ly  s t a b l e  ( t h e  f r e e  r a d i c a l  f o rm a t io n  c o n s t a n t ,  
K = 2 .5  X 10*"^) when compared t o  o t h e r  p h y s i o l o g i c a l  f r e e  
r a d i c a l s .
Edmondson a t  JÜL. (1981) showed t h a t  t h e  f l a v i n  f r e e  
r a d i c a l s  o f  t h e  8 a  - s u b s t i t u t e d  f l a v i n s  a r e  u s u a l l y  i n  t h e  
a n io n i c  ( n o n -p r o to n a te d )  fo rm , by t h e i r  narrow e . p . r .  
s p e c t r a .  T h e i r  work was b a sed  on t h a t  o f  Palm e r a t  aL. 
( 1 9 7 1 ) ,  who d i s t i n g u i s h e d  two i o n i c  fo rm s o f  t h e  p r o t e i n  bound 
f l a v i n s  from t h e  e . p . r .  s p e c t r a l  l i n e w i d t h s  o f  t h e  f l a v i n  
sem iq u in o n e .  T h is  i s  c o n t r a r y  to  t h e  r e s u l t s  o f  O hn ish i  a t
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a i . .  ( 1981) ,  who c o n c lu d e d  t h a t  t h e  f l a v i n  f r e e  r a d i c a l  o f  
s u c c i n a t e  d e h y d ro g e n a se  was l a r g e l y  p r e s e n t  i n  t h e  n e u t r a l  
( p r o t o n a t e d )  fo rm , from e s t i m a t e s  o f  th e  pK v a l u e s  o f  t h e  two 
p r o t o n a t i o n  r e a c t i o n s .  I t  was p roposed  t h a t  t h e  na rrow  
e . p . r .  s p e c t r a  o f  t h i s  f l a v i n  g ro up  a ro s e  from  d e l o c a l i s a t i o n  
o f  th e  u n p a i r e d  e l e c t r o n  w i t h i n  t h e  f l a v i n  i n  such  a  way t h a t  
would no t  be a f f e c t e d  by p r o t o n a t i o n  a t  N(5) o f  t h e  f l a v i n  
m o ie ty .  An a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e i r  r e s u l t s  i s  t h a t  
t h e  p r o t o n a t i o n  m easu red  may n o t  have been t h a t  o f  t h e  f l a v i n ,  
b u t  o f  a  n e ig h b o u r in g  r e s i d u e  t h a t  a f f e c t s  t h e  f l a v i n  
b e h a v io u r .
In  t h i s  c h a p te r  c h a r a c t e r i s a t i o n  of th e  f l a v i n  component 
o f  fu m a ra te  r e d u c t a s e  i s  p r e s e n t e d .  The f l a v i n  was 
c h a r a c t e r i s e d  by e . p . r .  s p e c t r o s c o p y ,  to  s tu d y  i t s  
thermodynamic p r o p e r t i e s .  I n t e r a c t i o n  betw een th e  f l a v i n  and 
t h e  i r o n - s u l p h u r  c l u s t e r s  o f  fu m a r a t e  r e d u c t a s e  was s t u d i e d  by 
changes  i n  th e  s a t u r a t i o n  b e h a v io u r  o f  th e  f l a v i n  e . p . r .  
s p e c t ru m . Com pa r isons w i th  t h e  f l a v i n  m o ie ty  o f  s u c c i n a t e  
d e hyd rogenase  w ere  drawn where p o s s i b l e .  D i f f i c u l t y  i n  
o b s e rv i n g  th e  f l a v i n  m o ie ty  u n d e r  non s a t u r a t i n g  c o n d i t i o n s  
( h ig h  t e m p e r a t u r e  and low power) made a n a l y s i s  d i f f i c u l t ,  
b e c au se  t o  o b t a i n  a s u f f i c i e n t l y  l a r g e  s i g n a l  t h e  e . p . r .  
s p e c t r a  hade to  be run  a t  a h ig h e r  power. The f l a v i n  
sem iqu inone  was th u s  s a t u r a t e d ,  b u t  an e s t im a te  o f  t h e  e f f e c t s  
o f  i n t e r a c t i o n  from th e  i r o n - s u l p h u r  c e n t r e s  was made to  
c o r r e c t  f o r  t h i s .
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6 ,2  &B8ui.ta_and dlaousaloa
6 .2 ,1  I n i t i a l  c h a r a o t e r l s a t l o n
The membranes o f  a n a e r o b i c a l l y  grown E. c o l l , w i l l  
c o n t a i n  menaquinone a s  an i n t e r m e d i a t e  o f  e l e c t r o n - t r a n s p o r t  
t o  fu m a r a t e  (K roger  1978, Haddock & J o n e s  1 9 7 7 ) .  The 
m id - p o in t  p o t e n t i a l  ( f u l l y  o x i d i s e d  to  f u l l y  r e d u c e d ,  n = 2) 
o f  menaquinone i s  -74mV a t  pH 7 . 0 ,  t h i s  w i l l  mean t h a t  th e  
f r e e  r a d i c a l  from t h i s  sem iqu inone  m o ie ty  w i l l  g i v e  r i s e  to  an 
e . p . r ,  s i g n a l  i n  a p p ro x im a te ly  t h e  same red o x  r a n g e  as th e  
f l a v i n  sem iqu inone  m o ie ty ,  assum ing th e  two h a l f  r e a c t i o n s  o f  
t h e  q u i none a r e  no t  w id e ly  s p r e a d .  F i g . 6 .1  shows a 
p o t e n t i o m e t r i c  redox  t i t r a t i o n  o f  t h e  f r e e  r a d i c a l  e . p . r .  
s i g n a l  (g = 2 .0 0 )  from th e  membranes o f  JRG1031. I t  i s  se en  
t h a t  t h e r e  i s  a  b road  peak from  a p p ro x im a te ly  -20mV t o  -80mV 
u nde r  th e s e  c o n d i t i o n s  (146K, 2mW microwave p o w e r) .  T h is  was 
shown t o  a r i s e  from bo th  t h e  f r e e  r a d i c a l  o f  th e  f l a v i n  
sem iqu inone  and t h a t  o f  m enaquinone, by t h e  d i f f e r e n t  e . p . r .  
s p e c t r a  o b t a in e d  o v e r  th e  redox  r a n g e  s t u d i e d .  The e . p . r ,  
s p e c t r a  o f  th e  f r e e  r a d i c a l  s i g n a l s  from JRG1031 membranes, 
p o i s e d  a t  OmV and -lOOmV a r e  shown i n  f i g . 6 . 2 ,  I t  i s  s e e n  
t h a t  t h e  l i n e s h a p e s  and l i n e w i d t h s  o f  th e  two s p e c t r a  a re  
d i f f e r e n t .  At OmV th e  e . p . r .  sp e c t ru m  c l o s e l y  r e s e m b le s  t h a t  
o f  t h e  f l a v i n  f r e e  r a d i c a l  from  b o v i n e - h e a r t  m i to c h o n d r i a l  
s u c c i n a t e  d eh y d ro g e n a se ,  i n d i c a t i n g  t h a t  a t  t h i s  p o t e n t i a l  th e
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F i g u r e  6 ,1
Eedox titration, .of. .tbs, free radio,al.,signal.;. JRG1031_membraaea 
The red o x  t i t r a t i o n  was p e r fo rm e d  a s  d e s c r i b e d  i n  t h e  
m ethods  s e c t i o n ,  a t  7 . 0 ,  The s i g n a l  a m p l i tu d e  o f  th e  
g z 2 .0 0  s i g n a l  i s  shown p l o t t e d  v e r s u s  t h e  am b ien t  e l e c t r o d e  
p o t e n t i a l .  E . p . r .  c o n d i t i o n s  w e re :  m icrowave power, 2mW;
m ic row ave f re q u e n c y ,  9.56GHz; m o d u la t io n  a m p l i tu d e  I.OmT; 
m o d u la t io n  f r e q u e n c y ,  lOOKHz; r e c e i v e r  g a i n ,  1 x 10^; s c a n  
r a t e  0 ,05m T/s  a t  a  t im e  c o n s t a n t  of I s ,  The t e m p e r a t u r e  was 
146K and t h e  p r o t e i n  c o n c e n t r a t i o n  was a p p ro x im a te ly  47mg/ml.
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F ig u r e  6 ,2
■E«,p,ir.i-.g.p.e.Q.tr..a. radi.sal. aignala.
The e . p . r .  s p e c t r a  from JRG1031 membranes (pH 7 .0 )  p o i s e d  
a t  two e l e c t r o d e  p o t e n t i a l s  a r e  shown. The p o t e n t i a l  o f  th e  
sa m p le s  i s  i n d i c a t e d  t o  t h e  r i g h t  o f  th e  s p e c t r a  and t h e  
g - v a l u e s  a r e  i n d i c a t e d  below th e  s p e c t r a .  î h e  l i n e w i d t h s  f o r  
t h e  two s p e c t r a  a r e  a l s o  shown. The e . p . r .  c o n d i t i o n s  were 
a s  d e s c r i b e d  f o r  f i g . 6 .1  e x c e p t :  r e c e i v e r  g a i n ,  2 x 10^; s c a n
r a t e ,  0 .025m T/s  a t  a t im e  c o n s t a n t  o f  2 s .  The t e m p e r a t u r e  was 
146K and t h e  p r o t e i n  c o n c e n t r a t i o n  was a p p ro x im a te ly  47mg/ml,
EPR S p e c t r a :
Free Radical Signais. 
JR G 1031 Membranes
-lOOmV
OmV
125mT
x2 5
g-vo lu e 2 006 ' '2-003
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e . p . r .  s i g n a l  a r i s e s  m ain ly  from  th e  f l a v i n  sem iqu inone  
(O h n is h i  jat. £lL. 1981, E r ik s s o n  & E h ren b erg  1973) .  At -lOOmV 
t h e  e . p . r .  spec trum  o b ta in e d  from  th e  membranes o f  JRG1031 
was d i f f e r e n t  from t h a t  a t  OmV. The ’ w in g s '  o f  th e  f l a v i n  
sem iqu inone  spec trum  (due to  h y p e r f i n e  i n t e r a c t i o n  w i th  th e  
f l a v i n  n i t r o g e n s )  a r e  no lo n g e r  i n  e v id e n c e  and th e  c e n t r e  of 
t h e  r e s o n a n c e  had s h i f t e d  from  g = 2 ,006  to  g = 2 .0 0 3 ,  w i th  a 
b ro a d e n in g  o f  th e  e . p . r .  l i n e w i d th  (peak  to  peak) from 1 .1 2mT 
t o  1.25mT. The spectrum  i s  t y p i c a l  of t h a t  a r i s i n g  from a 
f r e e  r a d i c a l  o f  a q u inone  m o ie ty  and th u s  th e  e . p . r .  s i g n a l  
a t  t h i s  p o t e n t i a l  i s  s u g g e s te d  t o  a r i s e  m a in ly  from th e  
sem iqu inone  f r e e  r a d i c a l  o f  m enaquinone. At redox  p o t e n t i a l s  
b e tw een  t h a t  o f  t h e s e  two sam p les ,  t h e  e . p . r .  sp ec tru m  a r e  
e x p e c te d  t o  a r i s e  from b o th  t h e  f l a v i n  and m enaquinone 
sem iqu inone  s i g n a l s .
The s t u d i e s  to  f u r t h e r  c h a r a c t e r i s e  th e  f l a v i n  m o ie ty  o f  
fu m a r a t e  r e d u c t a s e  were perfo rm ed on th e  i s o l a t e d  enzyme (two 
s u b - u n i t  fo rm ),  to  e x c lu d e  th e  e . p . r .  s i g n a l  from 
m enaquinone. The e . p . r .  s i g n a l  o bse rved  from th e  i s o l a t e d  
enzyme was s i m i l a r  to  t h a t  o b ta in e d  from th e  membranes o f  
JRG1031 a t  th e  h ig h e r  p o t e n t i a l .  A p o t e n t i o m e t r i c  redox  
t i t r a t i o n  (pH 7 .0 )  o f  t h i s  s i g n a l  i s  shown i n  f i g . 6 . 3 (A ) .  The 
peak to  peak s ig n a l  a m p l i tu d e  o f  th e  g = 2 .006  s i g n a l  o f  th e  
f l a v i n  sem iqu inone  i s  p l o t t e d  v e r s u s  th e  am bien t e l e c t r o d e  
p o t e n t i a l .  The ’ b e l l - s h a p e d ’ t i t r a t i o n  c u rv e  gave a maximum 
o f  s i g n a l  a m p l i tu d e  a t  a p p ro x im a te ly  -35mV, a t  pH 7 , 0 .
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F i g u r e  6 .3
Redox titration , .of. .the...
A redox  t i t r a t i o n  (pH 7 .0 )  o f  t h e  i s o l a t e d  fu m a r a t e  
r e d u c t a s e  (two s u b - u n i t  form) i s  shown (A ).  The t i t r a t i o n  was 
pe r fo rm ed  a s  d e s c r i b e d  i n  th e  methods s e c t i o n  and th e  s ig n a l  
h e i g h t  o f  th e  g = 2 .0 0  r e s o n a n c e  i s  shown p l o t t e d  v e r s u s  th e  
a m b ie n t  e l e c t r o d e  p o t e n t i a l .  Curve B shows t h e  t i t r a t i o n  o f  
FR1 and c u rv e  C t h e  c o r r e c t e d  t i t r a t i o n  o f  t h e  f l a v i n  when 
I n t e r a c t i o n  w i th  FR1 i s  ta k e n  i n t o  c o n s i d e r a t i o n .  The 
m id - p o in t  p o t e n t i a l s  o f  t h e  t h r e e  c u rv e s  a r e  i n d i c a t e d  by th e  
a r ro w s  w i th  t h e i r  v a l u e s .  V a lues  o f  -35mV and -12mV were 
found  f o r  t h e  o b se rv e d  and c o r r e c t e d  t i t r a t i o n s  r e s p e c t i v e l y .  
The v a lu e  o f  -20mV f o r  FR1 was used  a s  t h i s  was t h e  v a lu e  o f  
t h i s  c e n t r e  r e p o r t e d  by Cammack jg i  a l . 1984 f o r  t h e  i s o l a t e d
enzyme. The e . p . r .  c o n d i t i o n s  w e re  as d e s c r i b e d  f o r  f i g . 6.1 
and t h e  t e m p e r a t u r e  was 146K; t h e  p r o t e i n  c o n c e n t r a t i o n  was 
a p p ro x im a te ly  lOmg/ml.
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However, u n d e r  th e  c o n d i t i o n s  t h a t  th e  e . p . r .  s p e c t r a  w ere
o b t a i n e d  (148K, 2mW m ic rowave power) t h e  f l a v i n  m o ie ty  i s
s a t u r a t e d ,  as  shown by t h e  power p r o f i l e  i n  f i g . 6 . 4 (A ) .  Thus
i n t e r a c t i o n  w ith  th e  i r o n - s u l p h u r  c e n t r e  FR1 would be e x p e c te d
u n d e r  t h e s e  c o n d i t i o n s  ( s e e  l a t e r  s e c t i o n  on t h e  s p a t i a l
r e l a t i o n s h i p s ) , and w i l l  t h e r e f o r e  a f f e c t  t h e  o b s e rv e d
t i t r a t i o n  o f  t h e  f l a v i n .  An e s t i m a t e  of th e  r e l i e f  o f  power
s a t u r a t i o n  by FR1 on th e  f l a v i n  can  be o b ta in e d  from  com pa r ing
sam p les  c o n ta i n in g  FR1 p a r a m a g n e t ic  and th o s e  l a c k i n g  FR1 i n  a
p a ra m a g n e t ic  s t a t e  ( f i g . 6 . 4 ) .  I t  was e s t i m a t e d  t h a t  FR1
c a u s e s  a  d o u b l in g  o f  t h e  s i g n a l  h e i g h t  a t  -35raV, u n d e r  t h e s e
c o n d i t i o n s .  The e f f e c t s  o f  FR1 we re  th u s  s u b t r a c t e d  from  th e
o b s e rv e d  redox  t i t r a t i o n  o f  th e  f l a v i n  t o  o b t a i n  a  more
r e a l i s t i c  ( e q u a l l y  s a t u r a t e d )  e s t i m a t e  o f  i t s  redox  b e h a v io u r
( f i g 6 . 3 C ) .  The maximum o f  s i g n a l  a m p l i tu d e  f o r  t h i s  t i t r a t i o n
was a t  a p p ro x im a te ly  -12mV. T h is  redox  t i t r a t i o n  c o u ld  be
f i t t e d  by the  o v e r l a p  o f  two 1- e l e c t r o n  redox  c u r v e s ,  a s  shown
i n  f i g . 6 . 5 .  The peak i n  s i g n a l  h e i g h t  t h u s  c o r r e s p o n d s  t o  t h e
E v a lu e  o f  th e  o v e r a l l  2 - e l e c t r o n  t r a n s f e r  r e a c t i o n ,  from  th e  m
o x i d i s e d  f l a v i n  t o  t h e  f u l l y  red u c e d  f l a v i n  (F I  <— > F IH ^ ) .
The m id -p o in t  p o t e n t i a l s  o f  th e  two 1- e l e c t r o n  t r a n s f e r
r e a c t i o n s  a r e  d e s i g n a t e d  E ( I )  and E ( I I )  r e s p e c t i v e l y .  E ( I )m m  m
s i g n i f i e s  th e  m id - p o in t  p o t e n t i a l  of th e  r e a c t i o n  be tw een  th e
o x i d i s e d  f l a v i n  and th e  sem iqu inone  form (F I  <— > F I H * ) , and
E ^ ( I I )  s i g n i f i e s  t h e  m id - p o in t  p o t e n t i a l  o f  t h e  r e a c t i o n
b e tw een  th e  sem iqu inone  and th e  f u l l y  red u ced  fo rm  of  th e
f l a v i n  (FIH* <— > F1H_). V a lues  f o r  E ( I )  and E ( I I )  o f  40mVc m m
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F ig u r e  6 .4
Power p r o f i l e s  o f  th e  f r e e  radiQ.al.t....1.45K
Power p r o f i l e s  from sam ples  p o i s e d  a t  -35mV and + 20mV 
a r e  shown t o  compare th e  s a t u r a t i o n  b e h a v io u r  o f  t h e  f l a v i n  
f r e e  r a d i c a l  i n  t h e  p r e s e n c e  and a b s e n c e  o f  p a r a m a g n e t ic  FR1. 
The v a lu e s  o f  P I /2  a r e  i n d i c a t e d  f o r  each c u rv e  and t h e  dashed  
l i n e  i n d i c a t e s  t h e  t h e o r e t i c a l  b e h a v io u r  o f  t h e  f l a v i n  i n  t h e  
a b s e n c e  o f  s a t u r a t i o n .  At 2mW th e  s i g n a l  a m p l i tu d e  was
d o u b led  by i n t e r a c t i o n  w i th  FR1, The s i g n a l  h e i g h t  was
a p p ro x im a te ly  33$ and 18$ r e s p e c t i v e l y  o f  t h e  t h e o r e t i c a l .  
E . p . r .  c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r  f i g . 6 .1  and th e  
p r o t e i n  c o n c e n t r a t i o n  was a p p ro x im a te ly  7mg/ml.
Power Prof i tes  of the  
f r e e  Radical .  14SK
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F i g u r e  6 .5
JjfidQX t l l r.alJ.jpja., .of.,, fr .ee.. radical, adjusted, for. lnteraoti..o.tL.willi
m
The red o x  t i t r a t i o n  p roduced  from th e  o b se rv e d  t i t r a t i o n ,  
a s  d e s c r i b e d  i n  f i g . 6 . 3 ,  i s  shown w ith  t h e  two 1- e l e c t r o n  
t i t r a t i o n s  t h a t  f i t  t h e  c u rv e .  A m id - p o in t  p o t e n t i a l  o f  -12mV 
was found  f o r  t h e  n = 2 r e a c t i o n  and m id - p o in t  p o t e n t i a l s  o f  
40mV and -65mV w e re  found  f o r  t h e  two 1- e l e c t r o n  r e a c t i o n s  a s  
shown.
T h e o r e t i c a l  Redox T i t r a t i o n .  pH7-Q 
f o r  N o n - In t e r a c t in g Flavin
10
Em(II)=-65mVErn(I) = 40mV
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and -65mV, r e s p e c t i v e l y ,  were c a l c u l a t e d  f o r  t h e  pH 7 .0  
t i t r a t i o n ,  f i t t i n g  t h e  d a t a  to  th e  two 1- e l e c t r o n  t i t r a t i o n s .
The s p in  q u a n t i t a t i o n  o f  th e  o b se rv ed  maximum f l a v i n  f r e e  
r a d i c a l  s i g n a l  (-35m V ), by d o u b le  i n t e g r a t i o n  o f  t h e  e . p . r .  
s i g n a l ,  e s t i m a t e d  t h a t  8% o f  t h e  t o t a l  f l a v i n  was m ax im ally  
p r e s e n t  as  th e  sem iqu inone  s p e c i e s ,  a t  pH 7 . 0 .  However, t h i s  
i s  an  unde r  e s t i m a t e  due to  th e  s a t u r a t i o n  o f  th e  f l a v i n  u n d e r  
t h e  o b se rv e d  c o n d i t i o n s .  C o r r e c t io n  f o r  t h i s  gave  a v a lu e  f o r  
t h e  s p i n  c o n c e n t r a t i o n  a t  -12mV o f  a p p ro x im a te ly  1255 o f  t h e  
t o t a l  f l a v i n  p r e s e n t .  The t o t a l  f l a v i n  c o n te n t  was m easu red  
f l u o r i m e t r i c a l l y  by th e  method o f  W ilson  & King (1 9 6 4 ) ,  as  
9 . 3 nm ol./m g p r o t e i n .  At th e  peak o f  s i g n a l  h e ig h t  t h e
c o n c e n t r a t i o n s  o f  th e  f u l l y  o x id i s e d  and f u l l y  red u ced  f l a v i n s  
a r e  e q u a l ,  so th e  f l a v i n  f r e e  r a d i c a l  fo rm a t io n  c o n s t a n t  (K) 
c a n  be r e a d i l y  e s t i m a t e d  from  th e  fo l lo w in g  r e l a t i o n s h i p s :
FI + FlHg < - - - >  2F1H*
K = [F1H*]2 /  [ F l ] ^  = [FIH *]^  /  [F lH g]^
Hence a s  th e  c o n c e n t r a t i o n  o f  th e  f r e e  r a d i c a l  was m easu red  a t  
12%, K = 1 .9  X 10~^. Thus the  f l a v i n  sem iquinone o f  fu m a r a t e  
r e d u c t a s e  was shown to  be a s t a b l e  i n t e r m e d i a t e ,  be tw een  th e  
f u l l y  o x id i s e d  and th e  f u l l y  reduced  fo rm s of th e  f l a v i n .  The 
f r e e  r a d i c a l  fo rm a t io n  c o n s t a n t ,  a t  pH 7 . 0 ,  c a l c u l a t e d  f o r  th e  
f l a v i n  o f  fu m a r a te  r e d u c t a s e ,  i s  s i m i l a r  i n  m agn itude  to  t h a t
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o f  s u c c i n a t e  d e h y d ro g e n a se ,  from b o v i n e - h e a r t  m i to c h o n d r i a ,  a t  
t h e  same pH (O h n is h i  ^  j&l. 1981) .  I t  i s  more s t a b l e  th a n  
o t h e r  f r e e  r a d i c a l  i n t e r m e d i a t e s ,  o f  redox  t r a n s f e r  r e a c t i o n s ,  
e . g .  NAD*/NADH (K = 10 B lonkenho rn  197 6 ) .  The f l a v i n  o f
fu m a r a t e  r e d u c t a s e  i s  th u s  c a p a b le  o f  a c t i n g  as  a  c o n v e r t e r  
b e tw een  2 - e l e c t r o n  and 1- e l e c t r o n  t r a n s f e r  r e a c t i o n s ,  as i s  
t h e  f l a v i n  from s u c c i n a t e  d e h y d ro g e n a se .  The f l a v i n  o f  
fu m a r a t e  r e d u c t a s e  a c t s  a s  a c o n v e r t e r  from a 1- e l e c t r o n  to  a 
2 - e l e c t r o n  t r a n s f e r  r e a c t i o n ;  t h e  f l a v i n  sem iq u in o n e  i s  
r e q u i r e d  to  be s t a b l e  enough to  be re d u c e d  by a second  
e l e c t r o n  from th e  i r o n - s u l p h u r  c l u s t e r s ,  b e f o r e  p a s s i n g  t h e s e  
e l e c t r o n s  t o  f u m a r a t e .  In  s u c c i n a t e  d eh y d ro g en ase  th e  f l a v i n  
sem iqu inone  a c c e p t s  two e l e c t r o n s  from s u c c i n a t e  and d o n a te s  
them i n  s e q u e n t i a l  1 - e l e c t r o n  s t e p s  t o  t h e  i r o n - s u l p h u r  
c e n t r e s .  The mechanism o f  e l e c t r o n  t r a n s f e r  t o  and from  th e  
s u b s t r a t e s  i s  no t y e t  f u l l y  known b u t  p resum ably  i n v o lv e s  th e  
f l a v i n  f r e e  r a d i c a l  o f  t h e  f l a v i n  sem iqu inone .
6.2 .2  Thermodynamic oharaoierijsaJbloii
The f r e e  r a d i c a l  sem iqu inone  and f u l l y  red u c e d  fo rm s of  
t h e  f l a v i n  can bo th  e x i s t  i n  two s t a t e s ;  p r o t o n a t e d  and non 
p r o t o n a t e d .  The p r o t o n a t e d  s t a t e s  o f  th e  red u c e d  fo rm s o f  th e  
f l a v i n ,  i n  th e  p h y s io l o g i c a l  pH r a n g e ,  can  be a n a ly s e d  by 
e s t i m a t i n g  th e  pK v a lu e s  f o r  th e  two p r o t o n a t i o n  s t e p s .  The 
two pK v a lu e s  o f  i n t e r e s t  were  d e s i g n a t e d  pKg (pK sem iqu inone ;  
FIH* <— > F l"* )  and pK (pK red u ced  f l a v i n ;  FIH^ <-->  F1H“ ) .
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The pKjj v a lu e  can  be e s t i m a t e d  from t h e  change i n  th e
m id - p o in t  p o t e n t i a l  (E ) o f  t h e  o v e r a l l  2 - e l e c t r o n  t r a n s f e rm
r e a c t i o n ,  from th e  o x i d i s e d  fo rm  o f  th e  f l a v i n  t o  t h e  f u l l y
red u c e d  fo rm  o f  t h e  f l a v i n  (O h n ish i  £ t .  5lL. 1981» f i g . 6 , 6 ) .
The E (n  = 2) v a lu e s  w e re  ta k e n  from  th e  p o s i t i o n  o f  th e  m
s i g n a l  h e i g h t  maxima o f  t h e  redox  t i t r a t i o n s ,  ^ e n  a d j u s t e d
f o r  t h e  i n t e r a c t i o n  w i th  FR1 ( a s  f o r  f i g . 6 . 3 ) ,  a t  d i f f e r e n t
pH*3, The pKjj v a lu e  was e s t i m a t e d  from  t h e  i n t e r s e c t  o f  th e
two l i n e a r  p o r t i o n s  of  t h e  c u rv e .  Below pH 8 .0  t h e  c u rv e  had
a s lo p e  o f  - 6 OmV/pH and above pH 8 .0  t h e  c u rv e  had a s lo p e  o f
-30mV/pH, i n d i c a t i n g  th e  change i n  pH dependency  e i t h e r  s i d e
of  t iie  pK^. The pKg v a lu e  does  n o t  a f f e c t  t h e  prfl dependency
o f  t h e  E v a lu e .  A pK^ v a lu e  o f  8 .0 5  was e s t i m a t e d  from  th e  m n
change i n  t h e  prfl dependence  o f  E^ ( f i g . 6 . 6 ) .
F i g . 6 .7  shows th e  pH dependence  o f  t h e  maximum f r e e  
r a d i c a l  c o n c e n t r a t i o n  ( p e r  c e n t  t o t a l  f l a v i n ) ,  as  d e te rm in e d  
from th e  peak o f  th e  o b se rv e d  e . p . r .  redox  t i t r a t i o n s  (A ),  
t o g e t h e r  w i th  th e  a d ju s t e d  v a l u e s ,  where th e  i n t e r a c t i o n  w i th  
FR1 h a s  been t a k e n  i n t o  a c c o u n t  ( B ) . The a d j u s t e d  c u rv e  shows 
t h e  e x p e c te d  b e h a v io u r ,  a s  th e  c o n c e n t r a t i o n  o f  sem iqu inone  
becomes c o n s t a n t  a t  h ig h e r  pH’ s ,  where i t  i s  presum ed to  be i n  
th e  a n io n i c  form (pH > pK^ & pK^). T h is  p l o t  i s  th u s
i n f l u e n c e d  by bo th  pK^ and pKg, and a l s o  i n d i c a t e s  t h a t  th e  
v a lu e s  f o r  K i n c r e a s e  w i th  pH. Below pH 6 .5  a c o n s t a n t  f r e e  
r a d i c a l  c o n c e n t r a t i o n  was o b s e rv e d ,  w h i l e  above pH 6 .5  an 
i n c r e a s e  i n  t h e  maximum f r e e  r a d i c a l  c o n c e n t r a t i o n  was s e e n ,  
which a g a in  app roached  a  c o n s t a n t  v a lu e  above pH8.0. Thus th e
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F i g u r e  6 .6
pH dependence of
The pH dependence  o f  E^, t h e  m id - p o in t  p o t e n t i a l  o f  th e
o v e r a l l  2 - e l e c t r o n  t r a n s f e r  r e a c t i o n ,  i s  shown. The E^ v a l u e s  
w e re  t a k e n  from th e  peak  o f  s i g n a l  h e i g h t  o f  t h e  e . p . r .  r ed o x  
t i t r a t i o n s .  I h e  pK„ was e s t i m a t e d  from  th e  i n t e r s e c t  o f  t h e  
two l i n e a r  p o r t i o n  o f  t h e  c u rv e ,  a s  shown. E x p e r im e n ta l  
c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g . 6 .3*
pH Dependence of Em
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F i g u r e  6 .7
,pH-d.e.p.eM.enoe of; maximum, free,.,radi.cal c.o,nQjentr.a.ti.o.n
The p e r  c e n t  o f  t h e  f l a v i n  p r e s e n t  a s  t h e  sem iqu inone  
f r e e  r a d i c a l ,  a t  th e  peak o f  t h e  t i t r a t i o n s  i s  shown. S p in  
c o n c e n t r a t i o n s  o f  t h e  g = 2 .0 0  r e s o n a n c e  w e re  o b t a in e d  by 
c o m p u te r ,  d o u b le  i n t e g r a t i o n s  o f  t h e  e . p . r .  s p e c t r a .  T o ta l  
f l a v i n  c o n c e n t r a t i o n  was d e te r m in e d  f l u o r i m e t r i c a l l y  as 
d e s c r i b e d  i n  t h e  m ethods s e c t i o n .  O th e r  e x p e r im e n ta l  
c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r  f i g . 6 . 3»
pH Dependence  of Maximum Free Radical  Signal
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f r e e  r a d i c a l  o f  t h e  f l a v i n  i s  s e e n  to  be more s t a b l e  a t  h i g h e r  
p H 's .  As t h e  c o n c e n t r a t i o n  o f  th e  f l a v i n  f r e e  r a d i c a l  
i n c r e a s e s ,  t h i s  r e f l e c t s  an i n c r e a s e  i n  t h e  f l a v i n  f r e e  
r a d i c a l  f o r m a t io n  c o n s t a n t  (K, se e  l a t e r ) .
The v a lu e s  f o r  E ( I )  and E ( I I )  can  be c a l c u l a t e d  from  K m m
(d e te rm in e d  from  th e  maximum pe r  c e n t  f r e e  r a d i c a l  o f  t h e  non 
i n t e r a c t i n g  t i t r a t i o n  and from E^ by th e  f o l lo w in g  e q u a t i o n s :
E ( I )  + E ( I I )  = 2E m m  m
Ejjj(I) -  Ejjj(II) = 60 .1og(K )
F i g . 6 .8  shows th e  pH dependence  of th e  bo th  t h e  m id - p o in t
p o t e n t i a l s  o f  th e  two 1- e l e c t r o n  r e a c t i o n s .  At pH’ s below
pH 7 .0  th e  d i f f e r e n c e  betw een E ( I )  and E ( I I )  i s  c o n s t a n t  a tm m
a p p ro x im a te ly  120mV. At h ig h e r  pH’ s t h e  d i f f e r e n c e  betw een
E ( I )  and E ( I I )  i s  g r a d u a l l y  d im in is h e d ,  a s  E _ ( I I )  i s  seen  to  m m  m
t e n d  tow a rds  a  c o n s t a n t  v a lu e  and th e  pH dependence  o f  E ^ ( I )  
i s  s e e n  to  rem a in  pH d e p e n d e n t .  The m id - p o in t  p o t e n t i a l  o f  an 
o x i d a t i o n - r e d u c t i o n  r e a c t i o n  t h a t  i n v o lv e s  p r o t o n a t i o n ,  w i l l  
v a ry  w i th  pH as  shown by th e  fo l lo w in g  e q u a t io n :
E. = E° + (LM loguCoyl -  Q.Q6a.pH 
n ( r e d )  n
w here n i s  t h e  number o f  e l e c t r o n s  and a i s  t h e  number of 
p r o t o n s .
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F ig u r e  6*8
pH., deoeadenoe of. E ^d) ,and.,EmilD.
The pH dependence  o f  E ^ ( I )  and E ^ ( I I ) ,  t h e  m id - p o in t
p o t e n t i a l s  o f  th e  two 1- e l e c t r o n  t r a n s f e r  r e a c t i o n s  a r e
shown. The two m id - p o in t  p o t e n t i a l s  were  c a l c u l a t e d  as
d e s c r i b e d  i n  t h e  t e x t ,  from th e  d a t a  p r e s e n t e d  i n  f i g . 6 .6  and
f i g . 6 .7  pKp was e s t i m a t e d  from  th e  i n t e r s e c t  o f  th e  two l i n e a r  
p o r t i o n s  o f  t h e  c u rv e  f o r  E ^ ( I I ) ,  a s  shown.
pH Dependence of Em (I) and  Em(II)
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At th e  m id - p o in t  p o t e n t i a l  t h e  f i r s t  te rm  i s  z e r o  so t h e  
m easu rem ent o f  t h e  m id - p o in t  p o t e n t i a l  w i l l  v a ry  l i n e a r l y  w i th  
pH:
El = E -  0 . 0 6 a . pH 
n
Fo r  a  1- e l e c t r o n  r e a c t i o n  a s lo p e  o f  120mV/pH a r i s e s  from  a 
2 - p r o t o n  d e p e n d e n t  p r o c e s s .
The f o r m a t i o n  o f  th e  f u l l y  reduced  fo rm  o f  t h e  f l a v i n ,  
from  th e  f l a v i n  sem iqu inone  ( a s  c h a r a c t e r i s e d  by E ^ ( I I ) ) ,  was 
shown t o  ten d  to w a rd s  pH in d ep e n d e n c e ,  a s  t h e  pH v a lu e  
exceeded  th e  v a lu e  f o r  pK^ (O h n i sh i  a l .  1981, Dawes 1980 ) ,  
and th e  f u l l y  red u c e d  form of  th e  f l a v i n  became p r e d o m in a n t ly  
u n - p r o t o n a t e d .  The p l o t  o f  v e r s u s  pH c h a n g es  from  a
s lo p e  o f  -60mV/pH t o  OmV/pH, i n d i c a t i n g  t h e  change  i n  pH 
dependence  a s s o c i a t e d  w i th  pK^. An e s t i m a t e  o f  pK^ c a n  be 
o b ta in e d  from  t h i s  p l o t ,  from th e  i n t e r c e p t  o f  t h e  two l i n e a r  
p o r t i o n s  o f  t h e  c u rv e  ( f i g . 6 . 8 ) .  The pH dependence  o f  th e  
f o r m a t io n  o f  t h e  f u l l y  red u c e d  form of  th e  f l a v i n  f r e e  r a d i c a l  
ch an g es  a t  pH’ s  > pK^,; FIH* <— > FIH^ i s  s u p e rc e d e d  by 
FIH* <— > FIH". A v a lu e  f o r  pK^ o f  7 .7 5  was e s t i m a t e d  from  
th e  pH dependence  o f  E ^ ( I I ) . The p l o t  o f  D  was t a k e n  to  
r e f l e c t  n e i t h e r  o f  th e  pK v a lu e s  f o r  th e  p r o t o n a t i o n  o f  th e  
sem iqu inone  o r  t h e  f u l l y  red uced  form of t h e  f l a v i n .  The pH 
dependence  o f  E ^ ( I )  was t a k e n  as  an  i n d i c a t i o n  t h a t  t h e  f l a v i n  
sem iqu inone  was p r e s e n t  a s  th e  p r o t o n a t e d  ( n e u t r a l )  form 
th ro u g h o u t  t h e  pH r a n g e  u n d e r  s tu d y .  Thus t h e  pK^ o f  th e
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sem iq u in o n e  was n o t  re a c h e d  i n  t h i s  pH r a n g e .  The 1- e l e c t r o n  
s t e p  be tw een  t h e  o x id i s e d  f l a v i n  and t h e  sem iqu inone  was t h u s  
FI <__> FIH*.
The f l a v i n  sem iqu inone  f r e e  r a d i c a l  from fu m a r a t e
r e d u c t a s e  h a s  t h u s  been shown t o  be r e a s o n a b l y ,  
th e rm o d y n a m ic a l ly  s t a b l e  i n  t h e  p h y s i o l o g i c a l  pH r a n g e ,  w i th  
i t s  s t a b i l i t y  i n c r e a s i n g  as  t h e  pH i s  r a i s e d .  The l i n e w i d t h  
o f  t h e  f l a v i n  f r e e  r a d i c a l  was m easu red  t o  be 1 .1 2mT, a t
pH 7 . 0 ,  which i s  narrow f o r  t h e  n e u t r a l  form o f  th e
se m iq u in o n e .  The na rrow  l i n e w i d t h  o f  t h e  8 - or s u b s t i t u t e d  
f l a v i n  i s  u s u a l l y  a s s o c i a t e d  w i th  th e  a n i o n i c  form o f  th e  
f l a v i n s  (Edmondson a l .  1 9 8 1 ) .  Edmondson jei. âL . (1981)
co n c lu d e d  t h a t  t h e  f l a v i n  se m iq u in o n e  o f  s u c c i n a t e  
d e h y d ro g e n a se  was p r e s e n t  as t h e  a n io n i c  form th ro u g h o u t  th e  
pH r a n g e  6 .1  t o  9 , 1 ,  be c au se  o f  t h e  c o n s t a n t ,  na rrow  l i n e w i d th  
m easu red  (1 .2m T ), However O h n i sh i  j a t  (1981) showed t h a t
t h e  pK v a lu e  was such  t h a t  a t  pH 7 ,0  th e  f l a v i n  would be 90$ 
p r o t o n a t e d  ( n e u t r a l )  and become u n p r o t o n a t e d  ( a n i o n i c )  a t  
h i g h e r  pHs. I t  was c o nc luded  t h a t  th e  narrow l i n e s h a p e  must 
be due to  d e l o c a l i s a t i o n  o f  th e  f r e e  r a d i c a l  e l e c t r o n ,  o r  t h a t  
t h e  p r o t o n a t i o n  o c c u r s  on th e  p r o t e i n  r a t h e r  th a n  th e  f l a v i n  
m o ie ty ,  b e c au se  t h e  p r o t o n a t i o n  does  n o t  cau se  any s i g n i f i c a n t  
change i n  t h e  e . p . r .  l i n e w i d t h .  The e . p . r .  l i n e w i d th  o f  th e  
f l a v i n  f r e e  r a d i c a l  r e s o n a n c e  from  fu m a r a t e  r e d u c t a s e  was 
o b s e rv e d  t o  be c o n s t a n t  o v e r  t h e  pH ran g e  s t u d i e d  (pH 6 .0  t o  
pH 9 . 0 ) .  I t  would t h u s  a p p e a r  t h a t  t h e  f l a v i n  m o ie ty  o f
fu m a r a t e  r e d u c t a s e  i s  s i m i l a r  t o  t h a t  o f  s u c c i n a t e
181
d e h y d ro g e n a se  i n  t h a t  r e s p e c t .  I t  i s  th u s  u n a f f e c t e d  by t h e  
b in d in g  o f  t h e  p r o t o n s  a s  no l i n e  b ro a d e n in g  o f  t h e  r e s o n a n c e ,  
due t o  h y p e r f i n e  i n t e r a c t i o n  w i th  t h e  p r o to n  n u c l e a r  moment was 
s e e n .
6.2.3 Spatial.. r.elati,onship
O h n ish i  ^  a l .  (1981) showed t h a t  th e  f l a v i n  m o ie ty  o f  
t h e  b o v i n e - h e a r t  s u c c i n a t e  d e h y d ro g e n a se  was i n  c l o s e  
p ro x im i ty  to  t h e  i r o n - s u l p h u r  c e n t r e ,  81 o f  s u c c i n a t e  
d e h y d ro g e n a se .  The s p a t i a l  r e l a t i o n s h i p  o f  th e  fu m a r a t e  
r e d u c t a s e  f l a v i n  m o ie ty  t o  t h e  i r o n - s u l p h u r  c e n t r e ,  FR1 was 
s t u d i e d  by changes  i n  t h e  power s a t u r a t i o n  p r o p e r t i e s  o f  th e  
f l a v i n  f r e e  r a d i c a l  i n  t h e  p r e s e n c e  and a b s e n c e  o f  
p a ra m a g n e t ic  FBI. F i g . 6 .9  shows th e  power p r o f i l e s  o f  t h e  
f l a v i n  f r e e  r a d i c a l  a t  180K. P I / 2 ,  th e  s a t u r a t i o n  p a ra m e te r
( a s  d e f i n e d  i n  c h a p t e r  4 ) ,  was m easu red  from  th e  power 
p r o f i l e s  and u sed  a s  an  i n d i c a t i o n  o f  th e  s a t u r a t o n  o f  t h e  
f l a v i n .  The uppe r  c u rv e  shows t h e  power s a t u r a t i o n  p r o f i l e  
from  th e  f l a v i n  f r e e  r a d i c a l  i n  i s o l a t e d  f u m a r a t e  r e d u c t a s e  
p o i s e d  a t  a  p o t e n t i a l  o f  - 8 0 mV. The low e r  p r o f i l e  i s  from  
f u m a r a t e  r e d u c t a s e  t h a t  had been  t r e a t e d  t o  d e s t r o y  th e  
i r o n - s u l p h u r  c l u s t e r s ,  by lo w e r i n g  t o  pH 3*0 f o r  10 m in u te s .  
The enzyme was t h e n  b ro u g h t  back to  pH 7 .0  and t h e  p r o f i l e  
d e te rm in e d  a s  f o r  t h e  u n t r e a t e d  sam p le .  A s i g n i f i c a n t  dbange 
i n  t h e  P I /2  was o b s e rv e d  be tw een  t h e  two p r e p a r a t i o n s .  
However th e  p o s s i b i l i t y  o f  a n o th e r  e n v i ro n m e n ta l  c h a n g e ,  o t h e r
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F i g u r e  6 .9
Fower, p r o f i l e s  o f  th e  f l a v i n  fr.ee_ r a d i c a l . .  18QK
Power s a t u r a t i o n  p r o f i l e s  o f  t h e  f l a v i n  f r e e  r a d i c a l  from
fu m a r a t e  r e d u c t a s e  a r e  shown. f r o f i l . e .  A; t h e  enzyme as
i s o l a t e d  was p o i s e d  a t  -80mV. P r o f i l e  B : a c i d - t r e a t e d  enzyme
p o is e d  a t  -80mV. The e x p e r im e n ta l  c o n d i t i o n s  w e re  as  
d e s c r i b e d  f o r  f i g . 6 .1  and th e  t e m p e r a t u r e  was 180K. The 
p r o t e i n  c o n c e n t r a t i o n  was a p p ro x im a te ly  7 mg/ml.
Power Prof i les  of the  
Flavin Free Radical. 180K
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t h a n  th e  l o s s  o f  FR1 , in d u c e d  by th e  low pH c a n n o t  be e x c lu d e d  
from  c a u s in g  th e  change i n  P I / 2 .  To t e s t  t h i s  t h e  P I /2  o f  t h e  
f l a v i n  f r e e  r a d i c a l  was m easu red  a t  an am b ien t  e l e c t r o d e  
p o t e n t i a l  o f  30mV, w he re  t h e  c o n c e n t r a t i o n  o f  p a ra m a g n e t ic  FR1 
was m in im al ( T a b le  6 . 1 ) .  A lo w e r  v a lu e  f o r  t h e  P I / 2 , as 
compared t o  t h e  sam ple a t  -80mV, was a g a in  o b s e rv e d  i n d i c a t i n g  
t h a t  a t  t h i s  p o t e n t i a l  t h e r e  was no r e l i e f  from power 
s a t u r a t i o n .  The r e l i e f  o f  power s a t u r a t i o n  a t  -80mV was 
t h e r e f o r e  t a k e n  to  be due to  i n t e r a c t i o n  w i th  FR1. I t  was
a l s o  o f  i n t e r e s t  to  n o te  t h a t  t h e r e  was a p p a r e n t l y  no ob v io u s
i n t e r a c t i o n  w i th  c e n t r e  FR3, which i s  p a ra m a g n e t ic  a t  th e  
h i g h e r  p o t e n t i a l .  I f  i n t e r a c t i o n  w i th  t h i s  c e n t r e  o c c u r r e d  
t h e n  r e l i e f  o f  power s a t u r a t i o n  would a l s o  be e x p e c te d  a t  t h i s  
h i g h e r  p o t e n t i a l .  The p o s s i b i l i t y  of d i r e c t  i n t e r a c t i o n  
be tw een  th e  f l a v i n  and t h i s  i r o n - s u l p h u r  c e n t r e  can  th u s  be
e x c lu d e d  o r  assumed to  be v e ry  weak. T ab le  6.1 sum m a r ises  th e
r e s u l t s  o b t a i n e d ,  and com pa res  th o se  o b t a in e d  h e r e  f o r  
fu m a r a t e  r e d u c t a s e ,  t o  t h o s e  o b ta in e d  by O hn ish i  j£±l a l . .  
(1981) f o r  s u c c i n a t e  d e h y d ro g e n a se .  The e f f e c t  o f  
p a ra m a g n e t ic  FR1 was to  c a u se  r e l i e f  of t h e  power s a t u r a t i o n  
o f  th e  f l a v i n  sem iq u in o n e ,  i n d i c a t i n g  t h a t  i n t e r a c t i o n  must 
o c c u r  be tw een  th e s e  redox  c e n t r e s .  The r e l i e f  o f  s a t u r a t i o n  
was o b se rv e d  o v e r  a r a n g e  o f  t e m p e r a t u r e s ,  w i th  c o n c o m ita n t  
i n c r e a s e  i n  t h e  v a lu e  found  f o r  P I /2  o f  th e  f l a v i n ,  as th e  
t e m p e r a t u r e  was r a i s e d .  The i n t e r a c t i o n  betw een  FR1 and th e  
f l a v i n  w i l l  a l s o  a f f e c t  th e  e . p . r ,  p r o p e r t i e s  o f  th e  
i r o n - s u l p h u r  c e n t r e ,  b u t  u n d e r  th e  c o n d i t i o n s  o f  o b s e r v a t i o n
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T a b le  6 .1
Ma t u r a t i o n params-ter. f P l / 2 )  f o r .  ,the_ i l a v l n  f r e e  r a d i c a l
ZUZJM..
MampXfi F mUm M.dH.
Normal enzyme (-80raV) 1 ,0  0 ,7 8
A c i d - t r e a t e d  enzyme (-80mV) 0 .27  0 .23
Normal enzyme (30mV) 0 ,3 0
A b b r e v i a t io n s ;  F .R . ,  f u m a r a t e  r e d u c t a s e ;  S .d H . ,  s u c c i n a t e
ffd e h y d ro g e n a s e .  A ctua l  redox  p o t e n t i a l  f o r  t h e s e  P I /2  v a lu e s  
was -78mV; d a t a  rep ro d u c e d  from O h n ish i  a t  a i . ,  ( 1 9 8 1 ) .  
E x p e r im e n ta l  c o n d i t i o n s  as d e s c r i b e d  f o r  f i g . 6 . 9» t e m p e r a t u r e  
was 180K and t h e  p r o t e i n  c o n c e n t r a t i o n  was a p p ro x im a te ly  
7m g/m l.
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o f  t h e  i ro r> -s u lp h u r  c e n t r e ,  t h e  f l a v i n  w i l l  be h e a v i l y  
s a t u r a t e d ,  so any i n t e r a c t i o n  may n o t  be o b s e r v a b l e  i n  t h e  
e . p . r .  b e h a v io u r  o f  FR1 ( c h a p t e r  M).
The s t r e n g t h  o f  th e  i n t e r a c t i o n  can  be u sed  t o  e s t i m a t e
th e  d i s t a n c e  betw een  th e  two i n t e r a c t i n g  c e n t r e s  and t h i s  w i l l
p r o v id e  i n f o r m a t io n  on th e  p o s s i b i l i t y  o f  e l e c t r o n  t r a n s f e r
be tw een  th e  two c e n t r e s .  O hn ish i  e t  a l  (1982) d e v e lo p e d  a
method f o r  t h e  e s t i m a t i o n  o f  th e  d i s t a n c e  be tw een  two
i n t e r a c t i n g  ch rom opho res , from th e  enhancem ent o f  th e
s p i n - l a t t i c e  r e l a x a t i o n  t im e  o f  a  slow  r e l a x i n g  c e n t r e  by
i n t e r a c t i o n  w i th  a f a s t  r e l a x i n g  c e n t r e .  The s p i n - l a t t i c e
r e l a x a t i o n  t im e  (T^) o f  t h e  f l a v i n  was e s t i m a t e d  from  P I / 2 ,
and T.J was assumed t o  be eq u a l  to  T^ i n  t h e  a b se n c e  o f
i n t e r a c t i o n .  T.j o f  th e  i r o n - s u l p h u r  c e n t r e  FR1 can  be
e s t i m a t e d  from t h e  te m p e r a tu r e  dependence  o f  th e  l i f e t i m e
b ro a d e n in g  o f  t h i s  c e n t r e  ( c h a p t e r  5 ,  Gay da ^  a l .  1976). T.^
o f  t h e  f l a v i n  was e s t im a te d  to  be a p p ro x im a te ly  5 x 10"^s  and
«•8T.J o f  c e n t r e  FR1 was e s t im a te d  a t  a p p ro x im a te ly  3 x 10” s .
6 w ( t h e  d i f f e r e n c e  i n  t h e  r e s o n a n t  m icrowave f re q u e n c y  
betw en th e  two c e n t r e s )  was e s t im a te d  u s in g  th e  g - v a lu e s  o f  
t h e  f l a v i n  and t h e  ro o t -m e a n -s q u a r e  v a lu e  o f  g (g  = 1.959) f o r
FR1 (Z w eie r  198 3 ) .  A ve rag ing  th e  a n g u la r  te rm , a s  t h e  samples
a r e  randomly o r i e n t e d  f r o z e n  s o l i d s ,  a d i s t a n c e  e s t i m a t e  of  
1 1 .3 8  was c a l c u l a t e d  betw een  FR1 and th e  f l a v i n  f r e e  r a d i c a l .  
T h is  d i s t a n c e  i s  s l i g h t l y  s h o r t e r  th a n  t h a t  e s t im a te d  f o r  t h e  
d i s t a n c e  between th e  f l a v i n  and SI o f  s u c c i n a t e  d e h y d ro g e n a se
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(O h n i s h i  e t  a l  1982, 1 2 - i s 8 ) .  The l i m i t  f o r  exchange
i n t e r a c t i o n  c an  be s e t  a t  15-168  (Coffm an & B u e t t n e r  1 9 7 9 a ) ,  
wh ich by d e f i n i t i o n  a l lo w s  e l e c t r o n  t r a n s f e r  u p to  t h e s e
d i s t a n c e s ,  by o r b i t a l  o v e r l a p .  The d i p o l a r  c o u p l in g  o f  th e  
two red o x  c e n t r e s  i n d i c a t e s  t h a t  t h e  d i s t a n c e  be tw een  th e  
c e n t r e s  can a l lo w  o t h e r  m ethods o f  e l e c t r o n  t r a n s f e r  such as  
e l e c t r o n - t u n e l l i n g  ( B e i n e r t  1 9 8 2 ) .  The d i s t a n c e  e s t i m a t e d  was 
d e te rm in e d  by assum ing t h e  i n t e r a c t i o n  be tw een  FR1 and th e  
f l a v i n  was l a r g e l y  d i p o l a r  i n  n a t u r e ,  an a s su m p t io n  t h a t  i s  
v a l i d  on ly  i n  t h e  ab sen c e  o f  a  l a r g e  exchange component. The 
d i s t a n c e  e s t i m a t e  a l s o  assum es a  p o i n t  d i p o le  a p p ro x im a t io n ,  
so t h e  d i s t a n c e  e s t i m a t e  w i l l  most l i k e l y  be an  edge t o  edge 
a p p ro x im a t io n  betw een  th e  two c e n t r e s  and can  be t a k e n  a s  a 
minimum d i s t a n c e  betw en them. The c o n t r i b u t i o n  from exchange 
i n t e r a c t i o n  o v e r  th e  d i s t a n c e  e s t i m a t e d  i s  l i k e l y  t o  be sm a l l  
( J  i n  th e  o rd e r  o f  a few cm "^), b e c a u se  exchange i n t e r a c t i o n s
f a l l  o f f  more q u ic k ly  t h a n  d i p o l a r  i n t e r a c t i o n s  (Coffm an and
B u e t t n e r  1979a & b ) . The d i s t a n c e  be tw een  th e  two red o x
c e n t r e s  can th u s  be e s t i m a t e d  a t  to  be i n  t h e  r e g i o n  o f  118 to  
178 , i f  a  r a d i u s  o f  38 i s  a l lo w e d  f o r  th e  two red o x  c e n t r e s ,  
a s  no s p l i t t i n g  o f  th e  f l a v i n  r e s o n a n c e  was o b s e rv e d ,  b u t  a 
s t r o n g  P I /2  e f f e c t  o f  FR1 s p i n s  on t h e  s p in s  o f  t h e  f l a v i n  was 
o b s e rv e d .  A minimum d i s t a n c e  o f  I 28 was e s t i m a t e d  by O h n ish i  
e t  a l . ( 1981, 1982) f o r  t h e  d i s t a n c e  f o r  wh ich no d i p o l a r
b r o a d e n i n g / s p l i t t i n g  c a n  be o b se rv e d  be tw een  i n t e r a c t i n g
ch rom opho res , when one o f  t h e  ch rom opho res  i s  more r a p i d l y  
r e l a x i n g  th a n  th e  o t h e r .  T h is  a p p ro x im a t io n  w l l  h o ld  f o r  t h e  
i n t e r a c t i o n  betw een  FBI and th e  f l a v i n  o f  fu m a r a te  r e d u c t a s e
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b e c a u s e  o f  th e  two o r d e r s  o f  m ag n itu d e  d i f f e r e n c e  b e tw een  
t h e i r  r e l a x a t i o n  r a t e s  u n d e r  th e  c o n d i t i o n s  o f  s tu d y .
6.3 gpncluslon.
The f l a v i n  m o ie ty  from fu m a r a t e  r e d u c t a s e  h a s  been  shown 
t o  be ve ry  s i m i l a r  t o  t h a t  o f  b o v i n e - h e a r t  s u c c i n a t e  
d e h y d ro g e n a se .  The f l a v i n  sem iq u in o n e  t i t r a t e d  w i th  a 
m id - p o in t  p o t e n t i a l  (E^; ^ ^  FlHg, n = 2) o f
a p p ro x im a te ly  -12mV a t  pH 7 . 0 ,  when th e  i n t e r a c t i o n  w i th  FR1 
was t a k e n  i n t o  a c c o u n t .  T h is  v a lu e  i s  60mV more p o s i t i v e  th a n  
was found  f o r  s u c c i n a t e  d e h y d ro g e n a se  (O h n i sh i  jet. a L .  1 9 8 2 ) ,  
t h i s  may be a f u n c t i o n  o f  t h e  d i f f e r e n t  d i r e c t i o n s  o f  e l e c t r o n  
f low  i n  th e  two enzymes. The f l a v i n  sem iqu inone  was shown to  
be i n  t h e  n e u t r a l  ( p r o t o n a t e d )  form a t  p h y s i o l o g i c a l  pH’ s .  
E s t im a te s  o f  t h e  pK v a lu e  o f  t h e  p r o t o n a t i o n  o f  t h e  f u l l y  
r ed u c e d  form of th e  f l a v i n  was found  a t  a p p ro x im a te ly  7 .7 5  and 
8 .0 5 ,  which a r e  i n  r e a s o n a b le  a g re e m e n t .  The pK o f  th e  
sem iqu inone  co u ld  no t  be e s t i m a t e d ,  i n  t h e  pfi ra n g e  s t u d i e d .  
The maximum c o n c e n t r a t i o n  o f  t h e  f l a v i n  sem iqu inone  was 
m easu red  a t  a p p ro x im a te ly  8$ o f  t h e  t o t a l  f l a v i n  a t  pH7.0 , b u t  
a more a c c u r a t e  v a lu e  o f  12% was e s t i m a t e d  by a d j u s t i n g  f o r  
t h e  i n t e r a c t i o n  w i th  FR1 , and a l lo w in g  f o r  s a t u r a t i o n .  T h is  
v a lu e  i n c r e a s e d  a t  h i g h e r  pH’ s ,  show ing t h e  s t a b i l i s a t i o n  o f  
t h i s  f r e e  r a d i c a l  a t  t h e s e  h ig h e r  pH’ s ,  when t h e  f r e e  r a d i c a l  
was m a in ly  i n  t h e  a n io n i c  (non p r o t o n a t e d )  fo rm . The f l a v i n  
f r e e  r a d i c a l  f o rm a t io n  c o n s ta n t  (K) f o r  t h e  f l a v i n  sem iqu inone
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f r e e  r a d i c a l  was e s t i m a t e d  a t  1.69% 10*"^, a t  pH 7 . 0 ,
i n d i c a t i n g  t h a t  th e  p r o t o n a t e d  fo rm  o f  t h e  f r e e  r a d i c a l  can  
a c t  a s  a  s t a b l e  i n t e r m e d i a t e  i n  e l e c t r o n  t r a n s f e r  from  th e  
i r o n - s u l p h u r  c l u s t e r s  t o  fu m a r a t e .
I n t e r a c t i o n  be tw een  th e  f l a v i n  f r e e  r a d i c a l  and FR1 was 
o b s e rv e d  and t h e  d i s t a n c e  b e tw e e n  t h e  two ch rom opho res  
e s t i m a t e d  a t  1lX t o  1 6 Ï ,  assum ing  a l a r g e l y  d i p o l a r  
i n t e r a c t i o n .  I n t e r a c t i o n  be tw een  FR3 and t h e  f l a v i n  f r e e  
r a d i c a l  was e x c lu d e d  o r  shown to  be weak a s  t h e r e  was no l a r g e  
r e l i e f  o f  power s a t u r a t i o n  o f  t h e  f l a v i n  sem iq u in o n e  i n  
sam p les  t h a t  c o n ta in e d  b o th  i t  and FR3 i n  p a ra m a g n e t ic  
s t a t e s .
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CHAPTER SEVEN
S tu d ie s  on th e  O r i e n t a t i o n  o f  th e  I ro n -S u lp h u r  C l u s t e r s
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7 .1  J n  trM uÆ tiPJj
A v a r i e t y  o f  e l e c t r o n  and hydrogen  c a r r i e r s  have been 
s t u d i e d  i n  o r i e n t e d  membrane m u l t i l a y e r s  from b a c t e r i a l ,  
m i to c h o n d r i a l  and o t h e r  s o u r c e s ,  u s in g  o p t i c a l  and e . p . r .  
s p e c t r o s c o p y  ( B l a s i e  e ^  aJL. 1978, Blum e t  â l , .  1978a & b,
Blum & Poole  1982, E r e c in s k a  e t  197 8a & b ) , I t  h a s  been
found t h a t  the  m u l t i l a y e r s  g e n e r a l l y  c o n fe r  o r d e r  a b o u t  a
s i n g l e  a x i s ,  upon th e  redox  c a r r i e r s  ( B l a s i e  ^  a l .  1978,
Blum e l  j t l .  1978b). The i r o n - s u l p h u r  c l u s t e r s  from 
b o v i n e - h e a r t  s u c c i n a t e  dehyd rogenase  have been  shown t o  be 
s p e c i f i c a l l y  o r i e n t e d  w i th  r e s p e c t  to  the  membrane norm al, as  
have s e v e r a l  o t h e r  t y p e s  o f  chromophore ( S a le r n o  e_t sd .  
197 9a , Blum e l  &1. 1978a, Barlow & E re c in sk a  1979, E r e c in s k a
^  a l .  1978a & b ) .
The e f f e c t  o f  d i s o r d e r  on th e  s p e c t r a  o f  ch rom opho res  i n  
o r i e n t e d  m u l t i l a y e r s  has  been  s t u d i e d  by computer s i m u l a t io n s  
(Blum e l  a l .  1978a & b ) ,  and th e s e  used  to  d e te rm in e  the
o r i e n t a t i o n  and e s t i m a t e  th e  d i s o r d e r  (m osaic  s p r e a d ) .  The 
m osa ic  s p re a d  was found to  a r i s e  from s ta c k in g  d i s o r d e r  o f  the  
m u l t i l a y e r s  and from the  ch romophore d i s o r d e r .  This  l a t t e r  
term  a r i s e s  from n o n - r i g i d  o r i e n t a t i o n  o f  th e  chromophore 
w i t h i n  the  p r o t e i n  and o f  th e  p r o t e i n  w i t h i n  th e  membrane. In  
o r d e r  to  r e l a t e  th e  e . p . r .  s i g n a l s  to  th e  s t r u c t u r a l  
i n f o r m a t io n ,  knowledge o f  th e  e l e c t r o n i c  c o n f i g u r a t i o n  o f  the  
ch romophore i s  r e q u i r e d .  G ibson  e l  al_. (1966) p roduced  a 
m odel, r e l a t i n g  g - t e n s o r s  to  th e  s t r u c t u r e ,  which i s  g e n e r a l l y
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a c c e p te d  f o r  t h e  b i n u c l e a r  f e r r e d o x i n  c l u s t e r s ,  b u t  no such 
model has  been p roposed  f o r  th e  t e t r a n u c l e a r  o r  t r i n u c l e a r  
c l u s t e r s .
Where t h e r e  i s  d i p o l a r  c o u p l in g  be tw een  redox  c a r r i e r s ,  
i t  can  be s tu d i e d  i n  o r i e n t e d  m u l t i l a y e r s ,  a s  d i p o l a r  
i n t e r a c t i o n s  show an  a n g u la r  dependency , o f  (1 -  3oos G, 
S a le r n o  a l»  1977 ) ,  where 0 i s  th e  a n g le  betw een th e
m a g n e t ic  f i e l d  and th e  i n t e r - s p i n  v e c t o r .  Under c o n d i t i o n s  
w he re  th e  e f f e c t s  o f  s p i n  c o u p l in g  can  be o b s e rv e d ,  th e  a n g le  
o f  th e  v e c to r  be tw een  th e  coup led  ch rom opho res  can be
d e te rm in e d  f o r  th e  membrane bound redox  c a r r i e r s  (S a le rn o  ^  
a l .  1977, 1979).
In  t h i s  c h a p te r  th e  o r i e n t a t i o n s  o f  th e  i n t r i n s i c
i r o n - s u l p h u r  c e n t r e s  o f  fu m a ra te  r e d u c t a s e ,  o f  jE. c o l i  a r e  
d e s c r i b e d .  S t r a i n s  o f  E. c o l i  w i th  a m p l i f i e d  and 
n o n - a m p l i f ie d  e x p r e s s i o n  o f  fu m a ra te  r e d u c t a s e  were  u se d .  The 
s t r a i n  w i th  a m p l i f i e d  e x p r e s s i o n  o f  t h i s  enzyme was found to  
p roduce c r y s t a l  membrane m u l t i l a y e r s ,  because  o f  th e  h ig h
c o n c e n t r a t i o n  o f  fu m a ra te  r e d u c t a s e  i n  th e s e  membranes.
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7 .2  R e s u l t s  and D ls c u s s io i l
7 . 2 . 1  S ig n a l s  Observed From Sucoinate.BedjJCgd M u lM la y e r s
The r e d u c t i o n  o f  membrane m u l t i l a y e r s  u s in g  aqueous 
s o l u t i o n s ,  w h i l s t  r e t a i n i n g  th e  o r i e n t e d  n a tu r e  o f  th e  
m u l t i l a y e r s ,  has  been a problem  i n  t h e i r  p r e p a r a t i o n  
(E r e c in s k a  ^  a l . 197 8 a ) ,  Blum e l  (1980) overcame t h i s
p rob lem  to  some e x t e n t  by p r e p a r i n g  t h e i r  m u l t i l a y e r s  i n  th e  
a b s e n c e  o f  oxygen. This  r e s u l t e d  i n  p a r t i a l l y  reduced  
m u l t i l a y e r s  which cou ld  th e n  be f u r t h e r  reduced  by a d d i t i o n  o f  
th e  r e d u c t a n t s ,  A s i m i l a r  method was used t o  o b t a i n  th e
m u l t i l a y e r s  used  i n  t h i s  s tu d y  ( s e e  M ethods) , which r e s u l t e d  
i n  p a r t i a l l y  reduced  membranes t h a t  had both HiPIP and
f e r r e d o x i n  s i g n a l s ,  a s  shown by e . p . r .  sp e c t ro sc o p y  ( d a t a  no t  
show n). Upon a d d i t i o n  o f  sodium s u c c i n a te  o r  sod ium 
d i t h i o n i t e  th e  HiPIP s ig n a l  d i s a p p e a r e d  and th e  s i z e  o f  th e
f e r r e d o x i n  s ig n a l  in c r e a s e d  ( f i g . 7 .1  & 7 . 7 ) .  For s t u d i e s  o f
th e  HiPIP c e n t r e ,  m u l t i l a y e r s  w ere  p a r t i a l l y  d e h y d ra te d  i n  th e  
p r e s e n c e  o f  a i r  to  p roduce o x id i s e d  m u l t i l a y e r s .
The s p e c t r a  from s u c c i n a t e  red uced  m u l t i l a y e r s ,  shown i n  
f i g . 7 . 1 ,  p ossessed  th e  f e r r e d o x i n  s ig n a l  w ith  p r i n c i p a l  
g - v a l u e s  o f  g = 2 .03  and g = 1 .9 3 ,  a t t r i b u t e d  to  FR1. The 
s i g n a l  am plitude  o f  the  e . p . r .  s p e c t r a  was c l e a r l y  s e e n  to  be 
d e p e n d en t  on the  a n g le  o f  the  m u l t i l a y e r  to  the  m agnetic
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Figure 7.1
E . p . r .  s p e c t r a  o f  s u c c i n a t e  red uced  o r i ^ n t g d m u l  t i l  ay .er.3
The e . p . r .  s p e c t r a  from membrane m u l t i l a y e r s  red u c e d  
a n a e r o b i c a l l y  w i th  sodium s u c c i n a t e ,  a r e  shown a t  v a r i o u s  
a n g le s  o f  th e  a p p l i e d  m ag n e tic  f i e l d  t o  t h e  p la n e  o f  th e  
membrane m u l t i l a y e r s .  The a n g le s  a r e  shown on th e  l e f t  o f  the  
s p e c t r a  and t h e  m ajo r  g - v a l u e s  a r e  i n d i c a t e d  below th e  
s p e c t r a .  The sample t e m p e ra tu re  was 34 K. The e . p . r .  
c o n d i t i o n s  w e re :  i n c i d e n t  microwave power, 20 mW; microwave
f r e q u e n c y ,  9.48GHz; m o d u la t io n  a m p l i tu d e ,  ImT; m o d u la t io n  
f r e q u e n c y ,  lOOKHz; r e c e i v e r  g a i n ,  6 .3  x 10^; t im e  c o n s t a n t ,  
500ms; s c a n  r a t e  O .Im T/s .
J
S u c c in a te  R educed  O r ien ted
w
■932 03
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f i e l d .  The s ig n a l  a m p li tu d e  o f  each  g - t e n s o r  ( x ,y  & z )  i s
shown, r e p l o t t e d  i n  f i g . 7 . 2 ,  to  i n d i c a t e  th e  a n g le  o f  maximum 
a m p l i t u d e ,  o f  the  m u l t i l a y e r  to  th e  a p p l i e d  m a g n e t ic  f i e l d .  
0® was ta k e n  to  be when th e  m u l t i l a y e r  was normal to  th e  
m ag n e t ic  f i e l d .  The g = 2 .03  s i g n a l  (g z )  was shown t o  be 
maximum when th e  a n g le  betw een th e  m u l t i l a y e r  and th e  m ag n e tic  
f i e l d  was a p p ro x im a te ly  90^ (5^ from th e  membrane no rm al,  
f i g . 7 . 2 ) .  This  a n g le  i s  d i f f e r e n t  from t h a t  o b ta in e d  f o r  gz 
o f  SI from e i t h e r  b o v i n e - h e a r t  o r  E. c o l i  s u c c i n a t e  
deh y d ro g e n a se ,  where th e  a n g le  o f  maximum a m p li tu d e  was i n  th e  
p la n e  o f  the  m u l t i l a y e r s  (S a le rn o  ejt a i.. 1979a, Blum e t  a l . 
1 9 80 ) .  The g = 1.93 (gy) s i g n a l  was maximal a t  an  a n g le  o f  
a p p ro x im a te ly  75° to  the  membrane normal and th e  g = 1 .915 
(gx) s i g n a l  was maximal a t  an  a n g le  o f  a p p ro x im a te ly  50° to  
th e  membrane normal. The e q u i v a l e n t  g - t e n s o r s  from SI were 
90° (gx)  and 0° (gy) f o r  bo th  th e  c o l i  and th e
b o v i n e - h e a r t  enzymes. Thus FR1 from fu m a ra te  r e d u c ta s e  i s  
o r i e n t e d  d i f f e r e n t l y ,  w i th in  th e s e  membrane, from SI o f  
s u c c i n a t e  dehyd rogenase  (bo th  s o u r c e s ) .  This i s  an  im p o r ta n t  
c r i t e r i o n  f o r  c o n s i d e r a t i o n  o f  th e  s p a t i a l  r e l a t i o n s h i p s  o f  
th e  i r o n - s u lp h u r  c e n t r e s  o f  th e s e  two enzymes. I n t e r a c t i o n s  
betw een  pa ram agne tic  s p e c i e s ,  t h a t  a r e  l a r g e l y  d i p o l a r  i n  
n a tu r e  (over  d i s t a n c e s  g r e a t e r  th a n  10 = 12 %), show an 
a n g u la r  dependency by d e f i n i t i o n .  The d i f f e r i n g  o r i e n t a t i o n  
o f  th e  i r o n - s u lp h u r  c l u s t e r s  o f  th e  two enzymes may a f f e c t  th e  
s t r e n g t h s  o f  any i n t e r a c t i o n s  betw een them o r  w i th  o t h e r  
p a ra m ag n e t ic  s p e c i e s  ( f l a v i n ) ,  and so  i n f l u e n c e  the  c a t a l y t i c
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F ig u r e  7 .2
Angula r  dependence  o f  e . p . r .  s i g n a l  a m p li tu d e  from  s u c o i n a te  
reduoed.jnul t i l  a v e r s
P l o t s  f o r  th e  t h r e e  s e p a r a t e  g - t e n s o r s  a r e  shown. The 
1 .915  s ig n a l  (g x )  was m easu red from the  h ig h  f i e l d  b a s e - l i n e  
to  th e  n e g a t iv e  peak, th e  2 .0 3  (gz)  s i g n a l  was m easu red  from 
th e  low f i e l d  b a s e - l i n e  to  th e  p o s i t i v e  peak and th e  1.93 (gy) 
s i g n a l  was m easu red  from th e  h ig h  f i e l d  b a s e - l i n e  to  th e  
p o s i t i v e  peak , to  a v o id  i n t e r f e r e n c e  from th e  gx t e n s o r .  The 
e x p e r im e n ta l  p o i n t s  a r e  shown ( o ) ,  t o g e t h e r  w i t h  th e  a n g u la r  
dependence o f  t h e  s ig n a l  a m p li tu d e  when c o r r e c t e d  f o r  th e  
membrane d i s o r d e r .  0 was t a k e n  a s  the  d i r e c t i o n  o f  th e  Jj
membrane no rm al. The a n g le s  o f  peaks o f  s i g n a l  a m p li tu d e  a r e  {
i n d i c a t e d  w he re  they  o c c u r .  E xpe r im en ta l  c o n d i t i o n s  w e re  a s  
i n  f i g . 7 .1 .
o  o  Q
gx
Succinate Reduced 
Multilayers, 34K
gy
gz
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properties of the enzymes. However, because of the 
cry s ta llin e  nature of the membrane m ultilayers from the 
fumarate reductase amplified stra in  of £ . c o l i , close  
comparisons cannot be drawn to the data presented for 
succinate dehydrogenase (see la te r ) .
The experimental spectra ( f i g .7 .1) can be simulated using 
a computer program (Blum ^  âi.. 1978a & b), over the range 0  ^
to 90° ,  to obtain the disorder inherent in the multilayer 
system. F ig .7 .3a & b show computer simulations of the e .p .r . 
spectra of centre FR1. The angles used for the simulations 
were 0 = 5 °  (angle of gz to the membrane normal) and d = 50° 
(angle of gx to the membrane normal); the angles used for 
mosaic spread are shown with the spectra. As the experimental 
spectra show l i t t l e  or no angular varia tion  of g-values, for 
FBI, the lower lim it of the mosaic spread can be se t  at 
approximately 25° (Salerno ejt &L* 1979a, Blum ^  &L.
1978a ) . Comparison of the experimental and simulated spectra 
( f i g .7 , 1 , 7 . 3a & b) put the mosaic spread at between 30° and
60° .  F ig .7 .4 shows the resu lts from e .p .r . spectra simulated 
using a mosaic spread of 35° ,  which gave a good f i t  to the 
experimental spectra. The mosaic spread i s  a measure of the 
amount of ’wobble’ of the chromophore with respect to the
magnetic f ie ld  (Blum e_t 1978a & b ), and arises from the
unoriented areas of the m ultilayers, the spread of the
chromophore within the protein and the spread of the protein 
within the membrane.
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Figure 7.3
Computer s im u la t i ons  o f .  je .p . r^-JL Pec iT â.PiLssnfcre„_EBl
The e .p .r . spectra of centre FR1 are shown simulated with 
differen t degrees of membrane disorder (mosaic spread), The 
principal g-values used for the simulations were gz = 2.025, 
gy = 1.93  and gx = 1.915. The linewidths employed were I.ImT 
(gz), 1.25mT (gy) and 1.5mT (gx), and were assumed to have a
Gaussian derivative lineshape. The angle of the gz axis to
the membrane normal (0 ) was taken as 5° and the angle of the
gx axis to the membrane normal (g() was taken as 50°. The 
values used for the mosaic spread are shown on the righ t of 
the spectra and the g-values are indicated below the spectra.
a) Computer simulations of centre FR1 with the angle of 
the applied magnetic f ie ld  to the plane of the membrane
multilayers taken to be 0° (p a ra lle l) .
b) Computer simulations of centre FR1 with the angle of 
the applied magnetic f ie ld  to the plane of the membrane
multilayers taken to be 90° (perpendicular).
Computer S im utahons, FP1 
P a r a l le l  to  M em brane P lan e
Moso'C S o re a d
360'
1 915
g -v a lu e
Comput'er Simulations, FRI 
Perpendicuiar^o Membrane Plane
360 '
2 025
g-value
1 9 8
Figure 7.4
Angular dependeaee. gipvl^tjçfla
The amplitude of the e .p .r . signals from the computer 
simulations are shown versus the multilayer orien tation . The 
parameters of the computer simulation were as described in  
f i g . 7 .3 1 and the mosaic spread was assumed to be 35^. The 
e .p .r . signals were measured as described for f i g . 7 .2 . 0^
degrees of rotation of the m ultilayer, was taken as
perpendicular to the plane of the membrane plane. The peak in  
gz signal amplitude ( □ )  was obtained a t approx. 5^, that of 
gy (o) at approx. 75° and that of gx (A ) a t approx 50° .
S im ulation of Angular Dependence of 
EPR Signal. FR1
</>4-C=)
L_a
JOc_<
oc
to
1 Degrees Rotation II
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The most notable resu lt  from the oriented m ultilayers 
prepared from JJÎG1031» the stra in  of E,. oo li with amplified  
expression of fumarate reductase, was that the angular 
dependence for each g-tensor gave r ise  to only two peaks of 
signal amplitude, when the m ultilayers were rotated through 
360° ( f i g ,7 .2 ) . This i s  an unusual resu lt for membrane 
m ultilayers derived d irec tly  from E. c o li c e l ls ,  as i t  
indicates that the fumarate reductase in these m ultilayers has 
order within the membrane plane, as well as to the membrane 
normal. F ig.7.5 shows a sketch of the structure of a
chromophore within normal membrane m ultilayers. The angular 
dependence of signal height should reach a maximum at four 
angles (0, two either side of the membrane normal), when the 
magnetic fie ld  b isects the cone subtended by the g-tensor (gz 
in  f i g . 7 .5 ). This i s  clearly  not the case for FRl from
fumarate reductase in the membrane multilayers from stra in  
JRG1031. F ig.7.6 shows a sketch of the structure of a
chromophore within crystal membrane m ultilayers, where the 
chromophore does not have disorder within the plane of the 
multilayer. For th is system, only two peaks of signal 
amplitude w ill occur as the vector from the g-tensor becomes 
parallel to the magnetic f ie ld .  In the case of g-tensors that 
are oriented parallel to either the membrane normal or
membrane plane, only two peaks of signal amplitude w ill  be 
observed for either system. For the non-crystalline  
multilayer system the cone of disorder of the protein within
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Figure 7.5
Model f o r  a ch rom opho re  w i th  rhombic. jsyMSetry 
m u l t i l a y e r s
The model indica tes the three major g-tensors and their  
angles to the membrane normal (Ô, |J). The chromophore is
assumed to have order re la tiv e  to the membrane normal and 
disorder within the membrane plane. All possib le orien tations  
about the membrane normal, describe the cone indicated for 
gz. As the m ultilayers are rotated about the ax is shown, the 
signal height due to gz, produces the plot shown below the 
sketch. Peaks of signal height are reached a t four angles, 
a ll  at 0° either side of the membrane normal, as indicated. 
The signal amplitude of the other g-tensors w il l  behave 
sim ilarly.
Model for Oriented Multilayers
Membrane Normal
0"
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Figure 7.6
Model _ /.pr_,_a_;_chrgmgj)hQre _ wijth rhombic szsaetrxj Mi.thln
c r y s t a l l i n e  m u l t i l a y e r s
The chromophore Is shown with the same angles as f i g .7 ,5 . 
This model assumes order in  the plane of the membrane as w ell 
as to the membrane normal, for the chromophore. The g-tensors 
s t i l l  have some degree of disorder, due to wobble of the 
chromophore in  the protein and of the protein in  the membrane, 
as indicated by the small c ir c le s . When rotated about the 
axis indicated, only two peaks of signal amplitude are 
observed for each g-tensor, as shown below the sketch, due to 
the more ordered environment of the chromophore.
Model for 'Crystal' Muifilayers
Membrane Normal
0°
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th e  membrane r e a c h e s  a minimum f o r  t h e s e  c a s e s .  The gx o f  FRl 
i s  c l e a r l y  n o t  o r i e n t e d  i n  one o f  th e s e  d i r e c t i o n s  and th u s  
p o i n t s  t o  th e  c r y s t a l  n a tu r e  o f  t h e s e  membranes ( a s  does th e  
o r i e n t a t i o n  o f  th e  o th e r  c e n t r e s ,  s e e  l a t e r ) .  F u r t h e r  s t u d i e s  
w e re  perfo rm ed to  i n v e s t i g a t e  t h i s  phenomenon ( s e e  l a t e r ) .
7 . 2 . 2  S i g n a l s  from D l t h l o n i t e  Reduced Mult i lay _ e r s
The e x p e r im e n ta l  s p e c t r a  o b t a in e d  from m u l t i l a y e r s  
re d u c e d  w ith  d i t h i o n i t e  a r e  shown i n  f i g . 7 . 7 ,  and th e  s ig n a l  
h e i g h t  r e p l o t t e d  a g a i n s t  th e  a n g le  o f  th e  m u l t i l a y e r s ,  t o  th e  
m ag n e t ic  f i e l d ,  i n  f i g . 7 . 8 .  The a n g u la r  dependence f o r  th e  
e . p . r .  s p e c t r a ,  from d i t h i o n i t e  red uced  m u l t i l a y e r s  i s  
c l e a r l y  d i f f e r e n t ,  to  th o se  from s u c c i n a t e  reduced  
m u l t i l a y e r s .  The gz ( 2 .0 3 )  s i g n a l  r e a c h e s  a maximum a t  
a p p ro x im a te ly  25^ to  th e  membrane norm al, w h i l s t  the  gy (1 .9 3 )  
and th e  gx (1 .915 )  show maxima i n  s ig n a l  h e ig h t  a t  
a p p ro x im a te ly  10^ and 70^ to  th e  membrane normal 
r e s p e c t i v e l y .  In  d i t h i o n i t e  red u c e d  m u l t i l a y e r s  t h e r e  a r e  
p ro b a b ly  two pa ram agne tic  i r o n - s u l p h u r  c e n t r e s  from fum a ra te  
r e d u c t a s e  (FRl and FR2, c h a p te r  4 ) ,  so th e  s i g n a l s  from both  
o f  th e s e  w i l l  c o n t r i b u t e  to  th e  e . p . r .  s p e c t r a .  The gz 
a n g u la r  dependency o f  s ig n a l  a m p l i tu d e  shows sm all  peeiks a t  
a p p ro x im a te ly  5° to  th e  membrane norm al. These can be 
a t t r i b u t e d  to  th e  gz o f  FRl ( f i g . 7 . 3 ) ,  bu t  the  gy and gx 
r e s u l t s  do not show th e s e  s m a l le r  peaks from FR l. Under th e
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F ig u r e  7 .7
E . p . r .  s p e c t r a  o f  d i t h i o n i t e  reduced . m u l t i l a y e r s
The e . p . r .  s p e c t r a  from membrane m u l t i l a y e r s  red u c e d  w ith  
sodium d i t h i o n i t e  a r e  shown a t  v a r i o u s  a n g le s  o f  th e  a p p l i e d  
m ag n e t ic  f i e l d  t o  th e  p lan e  o f  th e  membrane m u l t i l a y e r s .  The 
a n g le s  a r e  shown to  th e  l e f t  o f  th e  s p e c t r a  and t h e  m ajo r 
g - v a l u e s  a r e  i n d i c a t e d  below th e  s p e c t r a .  The sample 
t e m p e r a tu r e  was 10 K and t h e  e . p . r .  c o n d i t i o n s  w e re  a s  i n
3f i g . 7 .1  e x c e p t  th e  r e c e i v e r  g a i n  was 6 .3  x 10 .
D ifhionife Reduced  O r ien ted  M u l t i l a y e r s ,
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F ig u r e  7 . 8
Angula r  dependence  c f  _@.D.r. g j&nalA
jpuj. t iiay.gr.g.
P l o t s  f o r  th e  s e p a r a t e  g - t e n s o r s  a r e  shown. The e . p . r .  
s i g n a l s  were  measu red a s  d e s c r i b e d  f o r  f i g ,  7*2 . The 
e x p e r im e n ta l  p o i n t s  a r e  shown ( o ) ,  t o g e t h e r  w i th  th e  a n g u la r  
dependency o f  th e  s ig n a l  a m p l i tu d e  a f t e r  c o r r e c t i o n  f o r  th e  
m osaic  s p r e a d .  The f i e l d  a n g le s  a r e  d e f i n e d  a s  f o r  f i g . 7 . 3 .  
The a n g le s  o f  peaks o f  s ig n a l  a m p l i tu d e  a r e  shown where they  
o c c u r .  E x p e r im en ta l  c o n d i t i o n s  w e re  a s  d e s c r i b e d  i n  f i g . 7 . 7 .
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c o n d i t i o n s  a t  which th e  e . p . r .  s p e c t r a  w ere  o b t a i n e d  from  th e  
d i t h i o n i t e  red u c e d  membranes (10 K, 20mW microwave p o w e r) ,  th e  
s ig n a l  from FRl. would be h e a v i l y  s a t u r a t e d  i f  t h e r e  was no 
i n t e r a c t i o n .  I t  h a s  been  shown t h a t  the  p r e s e n c e  o f  FR2 i n  a 
p a ram agne tic  s t a t e  c a u s e s  a  r e l i e f  o f  t h i s  s a t u r a t i o n  ( c h a p te r  
4 ) ,  by i n t e r a c t i o n  w i th  FR l.  The i n t e r a c t i o n  o f  th e  c e n t r e s  
would be e x p e c te d  to  be l a r g e l y  d i p o l a r  i n  n a tu r e  ( S a le r n o  e_t 
a l . 1979b), because  o f  th e  e s t im a te  o f  d i s t a n c e  from the
obse rved  e f f e c t s  (>10 8 , c h a p te r  8 ) ,  This  i n t e r a c t i o n  w i l l  
show an a n g u la r  dependence  a l s o ,  so we c a n n o t  r e a d i l y  
i n t e r p r e t  th e  r e s u l t s  from  th e  d i t h i o n i t e  red u c e d  m u l t i l a y e r s ,  
o t h e r  th an  to  o f f e r  t e n t a t i v e  e x p la n a t i o n s .  The s im p l e s t  
e x p la n a t io n  o f  th e  o b s e rv e d  r e s u l t s  i s  t h a t  th e  r e d u c t i o n  o f  
the  m u l t i l a y e r s  w i th  d i t h i o n i t e  c a u se s  r e o r i e n t a t i o n  o f  c e n t r e  
FRl w i th in  th e  p r o t e i n ,  by a c o n fo rm a tio n a l  change , and t h a t  
t h i s  th e n  has  th e  same o r i e n t a t i o n  a s  c e n t r e  FR2. The second 
p o s s ib l e  e x p l a n a t i o n  i s  t h a t  th e  a n g u la r  dependence  obse rved  
i s  f o r  the  s p in - c o u p l i n g  o f  FRl and FR2, i n  d i t h i o n i t e  reduced  
m u l t i l a y e r .  In  th e  c a se  o f  the  f i r s t  e x p l a n a t i o n  
( r e o r i e n t a t i o n  o f  FRl) t h e  e . p . r .  s p e c t r a  would a r i s e  from 
both th ese  c e n t r e s  FRl and FR2 bu t  they  c anno t  be 
d i s t i n g u i s h e d .  The two peaks i n  gz cou ld  be e x p la in e d  by th e  
m u l t i l a y e r s  n o t  a l l  b e in g  red u c e d  by d i t h i o n i t e ,  so l e a d i n g  to  
two enzyme p o p u l a t i o n s  o f  FRl w ith  d i f f e r e n t  o r i e n t a t i o n s .  
Under c o n d i t io n s  w he re  th e  e . p . r .  spectrum  from FR2 i s  
non-de tec  t a b l e ,  due to  ex trem e l i f e t i m e  b ro ad en in g  (50 K, 2mW 
microwave pow er) ,  t h e  same o r i e n t a t i o n  o f  the  g - t e n s o r s  was
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o b se rv e d  from d i t h i o n i t e  r e d u c e d  m u l t i l a y e r s  ( d a t a  n o t  
show n). T h is  may t h e r e f o r e  i n d i c a t e  t h a t  c e n t r e  FRl has  
unde rgone  r e o r i e n t a t i o n ,  i f  th e  s i g n a l  a r i s e s  from FRl a lo n e ,  
th e  s h i f t  i n  a n g u la r  dependence  o f  th e  g - t e n s o r s  (20® s h i f t ,  
gx ; 65® s h i f t ,  gy ; 30® s h i f t  gz) b e in g  caused  by a 
c o n fo r m a t io n a l  change in d u ce d  i n  t h e  p r o t e i n  s t r u c t u r e .  In  th e  
c a se  o f  th e  second e x p l a n a t i o n ;  i n  th e  absence  o f  pa ra m ag n e t ic  
FR2, FRl would be h e a v i l y  s a t u r a t e d  unde r  th e  c o n d i t i o n s  
em ployed. The b e h a v io u r  o f  FR2 c a n n o t  be d e te rm in e d  i n  th e  
ab sen c e  o f  FRl, b ecause  o f  th e  n a tu r e  o f  t h e i r  redox 
c h e m is t r y .  However, a s  th e  s p in - c o u p l i n g  i s  m utual  to  both  
c e n t r e s ,  i t  may be assumed t h a t  t h e r e  i s  some r e l i e f  o f  
s a t u r a t i o n  o f  FR2, by th e  s p in - c o u p l i n g .  The o b se rved  a n g u la r  
dependence  o f  th e  g - t e n s o r s  from d i t h i o n i t e  reduced
m u l t i l a y e r s  may t h e r e f o r e  r e f l e c t  th e  a n g u la r  dependence o f  
th e  s p in - c o u p l i n g  betw een th e  two c e n t r e s ,  because  th e  s ig n a l  
from each c e n t r e  w i l l  r e a c h  a maximum (due to  r e l i e f  o f  
s a t u r a t i o n )  a s  th e  v e c to r  be tw een  th e  c e n t r e s  becomes p a r a l l e l  
to  t h e  a p p l i e d  m ag n e t ic  f i e l d .  The same a n g u la r  dependence o f  
th e  g - t e n s o r s  a t  50K and 2mW microwave power, would s t i l l  ho ld  
f o r  th e  s p in - c o u p l i n g ,  because  even  though FR2 i s  n o t  e . p . r .  
d e t e c t a b l e  i t  i s  s t i l l  p a ra m a g n e t ic .  This phenomenon was 
f u r t h e r  i n v e s t i g a t e d  and w i l l  be r e p o r t e d  l a t e r  ( c h a p te r  8 ) .  
Thus th e  a n g u la r  dependence and hence o r i e n t a t i o n  o f  FR2
c a n n o t  r e a d i l y  be d e te rm in e d .  The s m a l le r  peak i n  g z ,
a t t r i b u t a b l e  to  FR l, was assumed to  a r i s e  from p a r t s  o f  the
membrane m u l t i l a y e r s  t h a t  were  no t  f u l l y  reduced  by 
d i t h i o n i t e .
207
7 .2 .3  Signals Observed from. Oxidised-. Mult 11 ay .erg.
The e . p . r .  s p e c t r a  o b t a in e d  from a i r  o x i d i s e d  membrane 
m u l t i l a y e r s  a r e  shown i n  f i g . 7 . 9» where t h e  a n g le s  a r e  
e x p re s s e d  t o  th e  membrane p la n e .  The e . p . r ,  sp ec tru m  t y p ic a l  
o f  th e  HiPIP c e n t r e  from t h i s  c l a s s  o f  enzyme was s e e n  w ith  
m ajo r  g - v a l u e s  o f  2 .01  ( g z ) ,  1 .978  (gy) and 1.955 ( g x ) .  The
s p e c t r a  from m u l t i l a y e r s  showed g r e a t e r  rh o m b ic i ty  betw een gy 
and g z ,  th a n  d id  th e  powder spec trum  from u n o r i e n t e d  sam p les ,  
w i th  gy s h i f t e d  from a p p ro x im a te ly  g = 1 .9 9 .  The v a lu e  f o r  gx 
i s  t h a t  o b ta in e d  f o r  th e  t e m p e ra tu re  o f  o b s e r v a t i o n  o f  th e  
s p e c t r a  shown (6 K ), a s  t h i s  g - v a lu e  was t e m p e r a tu r e  dependen t  
( c h a p t e r  4 ) .  The s h i f t  i n  gy may r e f l e c t  th e  w e l l  o rd e re d  
n a t u r e  o f  th e  env ironm ent o f  the  m u l t i l a y e r  sam ples ,  from the  
s t r a i n  o f  £ .  c o l i  w ith  a m p l i f i c a t i o n  o f  fu m a ra te  r e d u c t a s e .  
The s ig n a l  a m p l i tu d e  o f  each g - t e n s o r  i s  r e p l o t t e d  i n  
f i g . 7 .1 0 ,  v e r s u s  th e  a n g le  o f  th e  m agnetic  f i e l d  to  th e  
membrane norm al. I t  was a g a in  o b se rved  t h a t  th e  g - t e n s o r s  f o r  
t h i s  c e n t r e  gave  on ly  two maxima f o r  th e  s i g n a l  h e ig h t ,  when 
th e  m u l t i l a y e r  was r o t a t e d  th rough  360®. The peaks i n  s ig n a l  
h e i g h t  were o bse rved  a t  a p p ro x im a te ly  33® to  th e  membrane 
normal (g = 2 .0 1 ,  g z ) ,  a t  a p p ro x im a te ly  70® to  th e  membrane 
normal (g = 1 .9 7 8 ,  gy) and a t  a p p ro x im a te ly  47® t o  th e  
membrane normal (g = 1 .9 5 5 ,  g x ) . The m osaic  sp re a d  o f  the  
membrane m u l t i l a y e r s  was e s t im a te d  a s  f o r  FR l, u s in g  Ô = 33® 
and ^ s 47®. A v a lu e  o f  30® f o r  th e  m osaic sp re a d  gave th e  
b e s t  f i t  to  th e  e x p e r im e n ta l  s p e c t r a  ( d a t a  no t shown). The 
a n g le s  o f  o r i e n t a t i o n  d e te rm in e d  f o r  the  HiPIP c e n t r e  (FR3) ,
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F ig u r e  7 .9
E . p . r .  s p e c t r a  o f  o x i d i s e d , piLiejü.^d_jpul_tiljiyÆi:LS
The e . p . r .  s p e c t r a  from membrane m u l t i l a y e r s  d e h y d ra te d  
i n  t h e  p re se n c e  o f  a i r  a r e  shown a t  v a r i o u s  a n g le s  o f  th e  
m ag n e t ic  f i e l d  to  th e  p lane  o f  th e  membrane m u l t i l a y e r s .  The 
a n g le s  a r e  shown on t h e  l e f t  o f  th e  s p e c t r a  and t h e  m ajo r  
g - v a l u e s  a r e  i n d i c a t e d  below th e  s p e c t r a .  The sample 
te m p e r a t u r e  was 6 K and th e  e . p . r .  c o n d i t i o n s  were  a s
3d e s c r i b e d  f o r  f i g . 7 . 1 ,  e x c ep t  th e  r e c e i v e r  g a i n  was 5 x 10 .
Ox idised O r i e n te d  M u l t i l a y e r s
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F ig u r e  7 .1 0
Angular dependence  of_ e . p . r .  s i g n a l ,  a m p l i tu d e  fron i  o x id i s e d  
m u l t i l a y e r g
P l o t s  f o r  th e  t h r e e  m ajo r  g - v a l u e s  a r e  shown. The s i g n a l  
a m p li tu d e  o f  th e  t h r e e  m ajo r  g - t e n s o r s  was m easu red  a s  
d e s c r i b e d  f o r  f i g . 7 . 2 .  The e x p e r im e n ta l  p o i n t s  a r e  shown (o) 
t o g e t h e r  w i th  th e  a n g u la r  dependency o f  the  g - t e n s o r s  a f t e r  
c o r r e c t i o n  f o r  th e  m osaic  s p r e a d .  The f i e l d  a n g l e s  a r e  a s  
d e s c r i b e d  f o r  f i g . 7 .2  and th e  peaks o f  s i g n a l  a m p l i tu d e  a r e  
shown where they  o c c u r .  The e x p e r im e n ta l  c o n d i t i o n s  w e re  a s  
d e s c r i b e d  f o r  f i g . 7 . 9 .
O xidised  Muitilay e r s
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are again d iffe re n t  from those of the equivalen t centre from
s u c c i n a t e  d e h y d ro g e n a se ,  where th e  gz a x i s  was found t o  be
p e r p e n d i c u l a r  to  th e  membrane p lan e  and gx and gy t o  be i n  t h e  
p lan e  o f  th e  membrane m u l t i l a y e r s  ( b o v i n e - h e a r t ,  S a le r iw  e_t 
a l . 1979a; JE., c o l i . Blum &t &1. 1 9 80 ) .  The o r i e n t a t i o n  o f
th e  g - t e n s o r s  o f  th e  HiPIP c e n t r e  c a n n o t  be r e l a t e d  t o  any o f  
i t s  s t r u c t u r a l  p a ra m e te r s ,  because  o f  th e  l a c k  o f  knowledge o f  
th e  r e l a t i o n s h i p  betw een  them. The d i f f e r e n t  a n g le s  f o r  th e
two w e l l  o r i e n t e d  c e n t r e s  (FRl & FR3) t h a t  have been o b se rv ed  
f o r  fu m a r a te  r e d u c t a s e ,  compared t o  th e  e q u i v a l e n t  c e n t r e s  
from  s u c c i n a t e  d e h y d ro g e n a se ,  I n d i c a t e  a  m ajo r  d i f f e r e n c e  
betw een th e  two enzymes. The o r i e n t a t i o n  may a f f e c t  th e
s t r e n g t h  o f  th e  i n t e r a c t i o n  betw een th e  i n t r i n s i c  c e n t r e s  o f  
th e  enzymes and th u s  o f f e r  a p a r t i a l  e x p l a n a t i o n  f o r  t h e i r  
d i f f e r i n g  c a t a l y t i c  a b i l i t i e s ,  t o g e t h e r  w i th  th e  d i f f e r e n t
redox  c h e m is t ry  o f  th e  c e n t r e s .  However, t h e s e  r e s u l t s  w e re  
a g a i n  from th e  c r y s t a l l i n e  m u l t i l a y e r s  so c lo s e  com pa r ison  to  
th e  r e s u l t s  f o r  s u c c i n a t e  dehyd rogenase  can n o t  be drawn.
7 . 2 . 4  S t u d ie s  on a Non-ampli f ied  S t r a i n  o f  E. c o l l
The o bse rved  phenomenon t h a t  i n d i c a t e d  c r y s t a l  membrane 
m u l t i l a y e r s  was f u r t h e r  i n v e s t i g a t e d  t o  d e te rm in e  th e  n a tu r e  
o f  t h e  sy s tem , and to  o b t a i n  r e s u l t s  t h a t  c o u ld  be more 
c l o s e l y  compared t o  th o se  o f  s u c c i n a t e  d e h y d ro g e n a se .  S t u d ie s  
were perfo rm ed on a w i l d - t y p e  s t r a i n  o f  £ .  c o l i  (EWG2), to
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d e te rm in e  w hethe r  th e  c r y s t a l  membranes w ere  th e  r e s u l t  o f  th e  
a m p l i f i c a t i o n  o f  fu m a ra te  r e d u c t a s e  i n  t h e  c o l i
membranes. The r e s u l t s  from c e n t r e s  FRl and FR3 a r e  shown i n  
f i g . 7 .11  & 7 .1 2 ,  a s  p l o t s  o f  th e  s ig n a l  a m p l i tu d e  v e r s u s  th e
a n g le  o f  the  membrane m u l t i l a y e r s  t o  th e  a p p l i e d  m ag n e t ic  
f i e l d  (0 °  p a r a l l e l  to  th e  membrane n o rm a l) .  Fo r bo th  c e n t r e s  
i t  was c l e a r l y  s e e n  t h a t  th e  g - t e n s o r s  showed a n  a n g u la r  
dependence ,  t h a t  i n d i c a t e d  th e  enzyme was i n  a n o n - c r y s t a l l i n e  
env ironm ent ( fo u r  maxima o f  s i g n a l  h e i g h t ) .  The a n g u la r
d e p e n d en c ie s  were  however, s i g n i f i c a n t l y  d i f f e r e n t  from th o se
o b ta in e d  i n  th e  a m p l i f i e d  membranes. The peaks o f  s i g n a l  
a m p l i tu d e  f o r  FRl were o b t a in e d  a t  a p p ro x im a te ly  60^ ( g z ) ,  60° 
(gy) and 30° ( g x ) ,  w i th  a l l  a n g le s  r e l a t i v e  to  th e  membrane 
norm al. These a r e  a l s o  s i g n i f i c a n t l y  d i f f e r e n t  from th o se  
a n g le s  o b ta in e d  f o r  th e  e q u i v a l e n t  c e n t r e s  from s u c c i n a t e
dehyd rogenase  (9 0 ° ,  0°  & 0° to  th e  membrane n o rm a l , Blum jgjt
a l . 1980, S a le rn o  ^  â l .  1 9 7 9 a ) ,  The a n g u la r  d e p e n d e n c ie s  
o f  FR3 showed maxima i n  s i g n a l  a m p li tu d e  a t  a p p ro x im a te ly  0°  
( g z ) ,  90° (gy) and 40° ( g x ) ,  which shows no g r e a t e r  s i m i l a r i t y  
to  th e  r e s u l t s  p u b l is h e d  f o r  s u c c i n a t e  dehyd rogenase  (9 0 ° ,  0 °
& 0 ° ) .  The i r o n - s u l p h u r  c e n t r e s  o f  fu m a ra te  r e d u c t a s e  we re
thus  shown to  be o r i e n t e d  a t  d i f f e r e n t  a n g le s  t o  th o se  o f  
s u c c i n a t e  dehyd rogenase ,  w i th  a  30° d i f f e r e n c e  f o r  a l l  t h r e e  
g - t e n s o r s  o f  FRl compared t o  S I .  The HiPIP o f  fu m a ra te  
r e d u c ta s e  was shown to  be o r i e n t e d  w ith  gz ( 9 0 ° ) ,  gy (9 0 ° )  and 
gx ( 50° )  a l l  a t  d i f f e r e n t  a n g le s  to  th o se  o f  S I .  Thus a m ajo r  
d i f f e r e n c e  between th e  two enzymes h as  been shown.
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Figure 7 .11
Angula r  d e p e n d e n c e , . p f  s j g m l s  Qf. SU ^im Xë.X3Û liO ëÛ .
m u l t i l a y e r s  from  a  w i ld - ty p e  stralXL-gf. e o l i
The a n g u la r  d e p e n d en c ie s  o f  a l l  t h r e e  m ajo r  g - t e n s o r s  a r e  
shown. The s i g n a l  a m p li tu d e  was m easured and t h e  f i e l d  a n g le s  
a r e  d e f i n e d  a s  d e s c r i b e d  i n  f i g . 7 . 2 .  The a n g le s  o f  th e  peaks 
o f  s ig n a l  h e i g h t  a r e  i n d i c a t e d  where they  o c c u r .  The 
e x p e r im e n ta l  c o n d i t i o n s  we re  a s  d e s c r i b e d  i n  f i g . ? . 1 ,  e x c e p t
5th e  r e c e i v e r  g a i n  was 1 .25  x 10 and th e  sam ple te m p e r a tu r e  
was 20 K.
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F ig u r e  7 .1 2
A ngula r  dependence  o f  e . p . r .  s i x n e l s  o f  P X l d l . s e p u l t i l a y .ê £ s  
from a w i l d - t y p e  ja tra ia -g jL E ^ . ogl i
P l o t s  o f  th e  t h r e e  major g - t e n s o r s  a r e  shown. The s ig n a l
a m p l i tu d e  was m easu red and t h e  f i e l d  a n g le s  a r e  d e f i n e d  a s
d e s c r i b e d  i n  f i g . 7 . 2 .  The a n g le s  o f  peaks o f  s i g n a l  a m p li tu d e  
a r e  shown where they o c c u r .  The e x p e r im e n ta l  c o n d i t i o n s  w e re  
a s  d e s c r i b e d  i n  f i g . 7 . 1 ,  e x c ep t  th e  r e c e i v e r  g a i n  was
1 .0  X 10^ and th e  sample te m p e ra tu re  was 10 K.
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The p r o d u c t io n  o f  c r y s t a l  membrane m u l t i l a y e r s  was shown 
t o  be due to  th e  a m p l i f i c a t i o n  o f  fu m a r a t e  r e d u c t a s e  w i t h i n  
th e  membranes o f  JE. c o l i . The l e v e l  o f  fu m a ra te  r e d u c ta s e  i n  
th e  membranes from JRG1031 was e s t i m a t e d  a t  a p p ro x im a te ly  25% 
o f  th e  t o t a l  membrane p r o t e i n ,  from th e  c o n c e n t r a t i o n  o f  a c id  
non-ex  t r a c t a b l e  f l a v i n  and th e  s p i n  i n t e n s i t y  o f  the  
i r o n - s u l p h u r  c e n t r e s  (1 .9 4  and 1.96 nmol/mg p r o t e i n  
r e s p e c t i v e l y ) ,  and assuming a m o le c u la r  w e ig h t  o f  125 000 
d a l t o n  f o r  fu m a ra te  r e d u c t a s e .  The f e a s i b i l i t y  o f  fo rm ing 
membrane c r y s t a l s  i s  thus  a p p a r e n t ,  though t h e r e  w i l l  be 
i n t e r f e r e n c e  d e f e c t s  from the  o t h e r  membrane p r o t e i n s ,  to  th e  
c r y s t a l  s t r u c t u r e .  The s t r u c t u r e  w i l l  however be s i m i l a r  to  
t h a t  found f o r  c r y s t a l s  formed by v e s i c l e s  from d e te r g e n t  
s o l u t i o n s  o f  p r o t e i n s  (D eathe rage  ^  a i . ,  1982, Henderson
1981, F u l l e r  e t  ai., 1979), Fum a ra te  r e d u c t a s e  h as  been shown 
to  fo rm  th e s e  membrane c r y s t a l s  i n  m u l t i l a y e r s  from a s t r a i n  
w i th  a m p l i f i e d  e x p r e s s io n  o f  th e  enzyme, w i th o u t  l e n g th y  
m a n ip u la t io n s  and so the  s u i t a b i l i t y  o f  th e s e  membranes f o r  
s t r u c t u r a l  d e t e r m in a t io n s  has  been  shown. The work p re s e n t e d  
h e r e i n  com plim ents  and ex te n d s  t h a t  a l r e a d y  perform ed by 
W einer and cow o rke rs ,  who have shown tw o -d im en s io n a l  a r r a y s  o f  
fu m a r a te  r e d u c t a s e  i n  s t r a i n s  a m p l i f i e d  w i th  th e  enzyme 
(W eine r  _et â i . ,  1984a & b, El mes & W einer 1985), T h e i r
s t u d i e s ,  by e l e c t r o n  m ic roscopy , have shown th e  fum a ra te
r e d u c t a s e  a s  knobs on the  in n e r  membrane s u r f a c e  and on novel
membraneous s t r u c t u r e s  produced by t h e i r  s t r a i n s  to
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accommodate th e  a d d i t i o n a l  fu m a ra te  r e d u c t a s e  p roduced . They 
have shown l e v e l s  o f  fu m a ra te  r e d u c t a s e  I n  e x c e s s  o f  50% o f  
th e  membrane bound p r o t e i n  (Weiner e t  fiJL. 1984b) .
7 . 2 .5  S tu d ie s  on  th e , ,C ry s t a l  Membranes
F u r t h e r  s t u d i e s  we re  perform ed t o  c o n f i rm  th e  c r y s t a l  
n a tu r e  o f  the  membrane m u l t i l a y e r s ,  produced from th e  s t r a i n  
o f  £ .  c o l i  w i th  a m p l i f i e d  e x p r e s s i o n  o f  t h i s  enzyme. I f  th e  
fu m a ra te  r e d u c t a s e  m o le c u le s  a r e  a l l  o rd e re d  i n  t h e  same 
manner w i th  r e s p e c t  to  th e  membrane p la n e ,  t h e n  s t r i p s  c u t  a t  
d i f f e r e n t  a n g le s  from th e  m u l t i l a y e r  s h e e t s  sh o u ld  show 
d i f f e r i n g  a n g u la r  d e p e n d e n c ie s ,  f o r  th e  g - v a l u e s  o f  th e
i r o n - s u lp h u r  c e n t r e s .  Each s t r i p  o f  membrane w i l l  c o n ta in  
fu m a ra te  r e d u c t a s e  o r i e n t e d  a t  a d i f f e r e n t  a n g le ,  u n l ik e  non
c r y s t a l l i n e  m u l t i l a y e r s  w here th e  enzyme can be o r i e n t e d  a t
random abou t  t h e  membrane norm al, bu t s t i l l  o r i e n t e d  a t  the  
same a n g le  to  t h e  membrane norm al. A change i n  th e  a n g u la r  
dependency was o b se rv e d  f o r  bo th  FR1 and FR3. F i g . 7 .13  & 
7 .1 4 ,  shows th e  r e s u l t s  f o r  t h e s e  c l u s t e r s  f o r  s t r i p s  cu t  a t  
r i g h t - a n g l e s  from th e  Mylar s h e e t .  The a n g u la r  d e p e n d en c ie s  
a r e  c l e a r l y  d i f f e r e n t  f o r  each c e n t r e  from th e  two s t r i p s .  
For FR1 a n g u la r  d e p e n d en c ie s  o f  gz w ith  maxima a t
a p p ro x im a te ly  10*^  and 0^ f o r  th e  two s t r i p s  w e re  ob se rv ed .  
Maxima a t  a p p ro x im a te ly  75^ and 55° f o r  gy ,  and 45° f o r  bo th  
s t r i p s  f o r  gx w ere  a l s o  s e en .  The HiPIP c e n t r e  showed th e  
fo l lo w in g  d e p e n d e n c ie s :  30° and 0° ( g z ) ;  90° and 0° ( g y ) ,  and
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F ig u r e  7.13
A ngula r  dependence  o f  e . p . r ,  _ s i g n a l s  f i f _ _ s u £ c l n a ^ s _ r £ d u p M
mul t i l  a v e r s , mL._s_t_ r ig l ltr iU Q gles
The s t r i p s  o f  membrane m u l t i l a y e r s  w ere  c u t  a t  
r i g h t - a n g l e s  from  th e  s h e e t  o f  m u l t i l a y e r s  p rod uced , a s  
d e s c r i b e d  i n  M ethods. The e x p e r im e n ta l  p o i n t s  on  th e  l e f t  (o )  
o f  th e  p l o t s  w e re  o f  a s t r i p  c u t  p e r p e n d i c u l a r  to  t h a t  which 
gave  th e  e x p e r im e n ta l  p o i n t s  on th e  r i g h t  o f  th e  p l o t s  ( □ ) .  
The a n g le  f o r  peaks o f  s i g n a l  a m p l i tu d e  from each s e t  o f  d a ta  
i s  i n d i c a t e d .  The f i e l d  a n g le s  and m easu rem ent o f  s ig n a l  
a m p l i tu d e  we re  a s  d e s c r i b e d  f o r  f i g . 7 . 2 .  and th e  e x p e r im e n ta l  
c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g , 7 . 2 ,  e x c e p t  th e  
te m p e r a t u r e  was 25 K.
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F ig u r e  7 .1 4
A ngula r  deDenden_ce_.of e . p . r .  a l g n a l s  f r p a _ j » l d l ^ _ d _ j B u m i g y ^ 3  
c u t  a t  r i g h t - a n g l e s
The a n g u la r  dependence  o f  s ig n a l  a m p li tu d e  i s  shown f o r  
th e  t h r e e  g - t e n s o r s  from both  sam ples .  The e x p e r im e n ta l  
p o i n t s  on  th e  l e f t  o f  th e  ( □ )  o f  the  p l o t s  a r e  from  a sample 
c u t  a t  r i g h t - a n g l e s  t o  th o se  o f  th e  sample t h a t  gave  th e  
p o i n t s  on th e  r i g h t  ( o ) .  The peaks i n  s ig n a l  a m p l i tu d e  a r e  
shown f o r  bo th  sam p les  w here  they o c c u r .  The f i e l d  a n g le s  a r e  
a s  d e f in e d  f o r  and t h e  s ig n a l  am p litude  was m easu red  a s  
d e s c r i b e d  f o r  f i g . 7 . 2 ,  The e x p e r im e n ta l  c o n d i t i o n s  w e re  a s  
d e s c r i b e d  f o r  f i g . 7 . 9 .
Oxidised M ultilayers 
90" Cuts. 6 K
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60® and 90® ( g x ) .  The a n g u la r  d e p e n d en c ie s  o f  th e  g - t e n s o r s
from each s t r i p ,  cou ld  be s im u la te d  u s in g  th e  computer 
program , to  o b t a i n  a n  e s t i m a t e  o f  the  m osaic s p re a d  o f  th e  
membrane m u l t i l a y e r s  ( d a t a  no t shown). A v a lu e  o f  betw een 30® 
and 35® was e s t im a te d  f o r  bo th  th e  o x id i s e d  and s u c c i n a t e
reduced  m u l t i l a y e r s .  In  the  c r y s t a l  m u l t i l a y e r s  t h e  m osaic  
s p re a d  h a s  c o n t r i b u t i o n s  from th e  u n o r i e n t e d  p a r t s  o f  th e  
m u l t i l a y e r s ,  from th e  wobble o f  th e  chromophore w i t h i n  th e  
p r o t e i n  and t h e  wobble o f  th e  p r o t e i n  i n  th e  membrane 
( f i g . 7 . 6 ) .  Models f o r  the  a n g u la r  d e p e n d e n c ie s  o f  th e  
g - t e n s o r s  a r e  p r e s e n t e d  i n  f i g . 7 .1 5 .  For FR1 gz must l i e  i n
th e  p lane  ( a ) ,  a s  t h e r e  was a 90® a n g le  f o r  th e  maximum o f  gz
s ig n a l  am p litu d e  from p lane  ( b ) , c u t  a t  a r i g h t - a n g l e  to  p lane  
( a ) .  The gy and gx t e n s o r s  l i e  i n  th e  p la n e s  sub tended  
betw een th e  two a n g le s  o b ta in e d  i n  p la n e s  ( a )  and ( b ) ,  a s  
i n d i c a t e d .  The g - t e n s o r s ,  by d e f i n i t i o n ,  a r e  a l l  a t  
r i g h t - a n g l e s  t o  each o th e r ,  so th e  p o s i t i o n  o f  the  gy and gx 
a x e s ,  w i th in  th e  a r c s  shown, was e s t im a te d  from th e  r e l a t i v e  j
s i z e  o f  the  e . p . r .  s i g n a l s  o f  each g - t e n s o r  i n  th e  p la n e s  (a)  |
and ( b ) .  For th e  HiPIP (FR3) t h e  gy a x i s  was shown to  be a t  j
190® to  th e  membrane normal a long  th e  p lane  ( a ) ,  w h i l s t  gz and j
gx were shown to  have axes  a t  30® and 60® to  th e  membrane |
normal r e s p e c t i v e l y ,  in  th e  p lane  ( b ) .  The a n g le s  o b ta in e d
f o r  the  g - t e n s o r s  o f  each c e n t r e  w i l l  t h e r e f o r e  be dependen t  j
on the  a n g le  a t  which the  s t r i p  i s  c u t  from th e  Mylar s h e e t ,  |
a s  th e  a n g le  a t  which the  p r o t e i n  i s  o r i e n t e d  w i t h i n  th e
membrane, w i th  r e s p e c t  to  the  s t r i p s ,  w i l l  v a ry .
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Models f o r  th e  a n g u la r  dependenoe, _of
The s k e tc h e s  show the  p roposed  p o s i t i o n s  o f  th e  g - t e n s o r s  
o f  FR1 and FR3, r e l a t i v e  to  th e  membrane normal and membrane 
p la n e .  The a n g le s  o b ta in e d  from th e  m u l i la y e r  sam p les  c u t  a t  
p e r p e n d i c u l a r  a n g le s  a r e  i n d i c a t e d :  s e c t i o n  th rough  ( a ) ,  th e
a n g le s  from th e  l e f t - h a n d  p l o t s  o f  f i g . 7 .13  & 7 .1 4 ;  s e c t i o n  
th rough  ( b ) ,  th e  a n g le s  from th e  r i g h t - h a n d  p l o t s  o f  f i g . 7 .1 3  
& 7 .1 4 .  The membrane normal was t a k e n  to  be 0®.
For FR1 gz l i e s  i n  th e  p lan e  o f  ( a )  and gy and gx l i e  on 
th e  a r c s  su b ten d ed  by J o in in g  t h e  two a n g le s  o b t a in e d  i n  
p la n e s  (a )  & ( b ) .  The p o s i t i o n s  w i t h in  t h e s e  a r c s  we re
e s t im a te d  from th e  r e l a t i v e  s i z e  o f  the  e . p . r .  s i g n a l s  f o r  
each g - t e n s o r ,  i n  th e  two p la n e s .  For th e  HiPIP c e n t r e  (FF3) 
gz & gx l i e  i n  th e  p lane  o f  ( a ) ,  a t  the  a n g le s  i n d i c a t e d  to  
th e  membrane norm al, and gy l i e s  a lo n g  p lane  ( b ) ,  p a r a l l e l  to  
th e  membrane p la n e .
.Model fo r  the  Angu la r  Dependence 
of G -T enso rs
Membrane Normal
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7.3 C.9 ,RQluglg.na
The I r o n - s u lp h u r  c l u s t e r s  from th e  £ .  c o l l  f u m a r a te  
r e d u c t a s e  have been s tu d i e d  i n  o r i e n t e d  m u l t i l a y e r s  from two
s t r a i n s  o f  c o l l . one o f  which had a m p l i f i e d  e x p r e s s i o n  o f
t h i s  enzyme. The o r i e n t a t i o n s  o f  th e  i n d i v i d u a l  g - t e n s o r s  f o r  
c e n t r e s  FR1, th e  s u c c i n a t e  r e d u c i b l e  f e r r e d o x i n  and FR3, th e  
HiPIP c e n t r e  p a ra m ag n e t ic  i n  t h e  o x id i s e d  fo rm , c o u ld  be 
d i s c e r n e d .  The o r i e n t a t i o n  o f  th e  second b i n u c l e a r  f e r r e d o x i n  
( d i t b i o n i t e  r e d u c i b l e ) ,  co u ld  n o t  be c l e a r l y  d i s c e r n e d  because  
o f  th e  p r e se n c e  o f  FR1 a l s o .  The i n t e r p r e t a t i o n  p lac e d  on 
th e s e  r e s u l t s  was n o t  s t r a i g h t - f o r w a r d  and two p o s s i b l e  
e x p la n a t i o n s  we re  p ro p o sed .  E i t h e r  th e  r e o r i e n t a t i o n  o f  FR1 
o r  th e  i n t e r a c t i o n  between th e  two f e r r e d o x i n  c e n t r e s .  The 
o r i e n t a t i o n s  o f  c e n t r e s  FR1 and FR3 were found to  be d i f f e r e n t  
to  th e  o r i e n t a t i o n s  o f  the  e q u i v a l e n t  c e n t r e s  from s u c c i n a t e  
d e h y d ro g e n a se ,  which may i n d i c a t e  a s i g n i f i c a n t  d i f f e r e n c e  
betw een th e  two s i m i l a r  enzymes.
The o r i e n t e d  m u l t i l a y e r s  produced from th e  membranes o f  
th e  fu m a r a te  r e d u c t a s e  a m p l i f i e d  s t r a i n  o f  £ .  c o l i . were 
shown to  impose a c r y s t a l l i n e  a r r a y  on th e  fu m a ra te  r e d u c t a s e  
m o le c u le s  i n  t h e s e  membranes. The a n g u la r  dependence o f  th e
g - t e n s o r s  was shown to  change w i th  the  a n g le  a t  which th e
m u l t i l a y e r  s t r i p  was c u t  from th e  Mylar s h e e t .  C r y s t a l  
membranes were no t  o b se rved  from an E. c o l i  s t r a i n  t h a t  was 
u n a m p l i f ie d  i n  fu m a ra te  r e d u c t a s e  e x p r e s s i o n .  Schem atic  
models w e re  p r e s e n t e d  ( f i g . 7 . 1 5 ) ,  to  a c co u n t  f o r  th e  change i n
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a n g u la r  d e p e n d e n c ie s  o b se rv e d  f o r  th e  g - t e n s o r s  o f  th e  two 
c e n t r e s .  The r e s u l t s  r e p o r t e d  h e r e  i n d i c a t e  t h a t  th e  
a m p l i f i e d  s t r a i n s  o f  c o l i  can  p ro v id e  a  s u i t a b l e  system
f o r  th e  s t r u c t u r a l  s t u d i e s  o f  t h i s  enzyme.
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CHAPTER EIGHT
The S p a t i a l  R e l a t i o n s h i p s  o f  th e  I r o n - s u lp h u r  C e n t r e s
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8.1 lntr.odu.c,tl.9.D
The fu m a ra te  r e d u c ta s e  from  E s c h e r i c h i a  c o l l  has  been  
shown to  c o n ta i n  t h r e e  i r o n - s u l p h u r  c e n t r e s ;  two [2 F e -2 S ]  
f e r r e d o x i n s  and a H iP IP -type  c e n t r e .  I n t e r a c t i o n s  have been  
shown to  occu r  be tw een th e  s u c c i n a t e  r e d u c i b l e  f e r r e d o x i n  and 
th e  d i t h i o n i t e  r e d u c i b l e  f e r r e d o x i n  and a l s o  be tw een  th e  
s u c c i n a t e  r e d u c i b l e  f e r r e d o x i n  and th e  HiPIP c e n t r e  ( c h a p te r  
4 ) .  The e f f e c t  o f  i n t e r a c t i o n  be tw een  p a ram ag n e t ic  c e n t r e s  i s  
to  p e r t u r b  the  i n t r i n s i c  e . p . r .  p r o p e r t i e s  o f  t h e s e  c e n t r e s .  
T his  can  be u sed  to  s tu d y  th e  i n t e r a c t i o n  b e tw een  th e  
c e n t r e s .  In  th e  case  o f  fu m a r a te  r e d u c t a s e  the  i r o n - s u l p h u r  
c e n t r e s  have redox  p o t e n t i a l s  t h a t  a l lo w  the  s tu d y  o f  th e  
i n t e r a c t i o n  bet;ween th e  i r o n - s u l p h u r  c e n t r e s  when more th a n  
one a r e  f u l l y  o r p a r t i a l l y  p a ra m a g n e t ic ;  FR1 w ith  FR2 and FRl 
w i th  FR3 ( c h a p te r  4 ) .  The s t u d i e s  on  fu m a ra te  r e d u c t a s e  have  
been  pe rform ed on th e  membrane bound enzyme from a s t r a i n  o f  
E» c o l i  w i th  a m p l i f i e d  e x p r e s s i o n  o f  the  enzyme. The 
p r e p a r a t i o n s  sh o u ld  t h e r e f o r e  n o t  s u f f e r  from any a r t i f a c t s  
in t r o d u c e d  by p u r i f i c a t i o n  p r o c e e d u r e s ,  an e x p l a n a t i o n  t h a t  
h a s  been  pu t fo rw ard  f o r  th e  p a r t i a l  d e t e c t i o n  o f  th e  second 
f e r r e d o x i n  i n  th e  i s o l a t e d  p r e p a r a t i o n s  o f  o th e r  enzymes o f  
th e  s u c c i n a t e  dehy rogenase  ( B e i n e r t  a l*  1982, A lb r a c h t  
1980) .
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Knowledge o f  th e  s p a t i a l  r e l a t i o n s h i p  be tw een  th e  e . p . r ,  
d e t e c t a b l e  i r o n - s u l p h u r  c e n t r e s  o f  fu m a ra te  r e d u c t a s e  i s
r e q u i r e d  f o r  a f u l l  u n d e r s t a n d in g  o f  th e  type  o f  i n t e r a c t i o n  
p r e s e n t .  In  t h i s  c h a p te r  th e  e f f e c t s  o f  i n t e r a c t i o n s  on th e  
i n t r i n s i c  e . p . r .  p r o p e r t i e s  o f  th e  i r o n - s u l p h u r  c e n t r e s  from
fu m a r a t e  r e d u c ta s e  a r e  d e t a i l e d .  The change i n  e . p . r .
p r o p e r t i e s  can a l s o  be used to  c a l c u l a t e  th e  d i s t a n c e  betw een 
i n t e r a c t i n g  c e n t r e s  i f  th e  type  o f  i n t e r a c t i o n  i s  known. 
E s t im a te s  o f  th e  d i s t a n c e s  betw een  th e  i n t e r a c t i n g  c e n t r e s ,  
bo th  by th e  method o f  O hnish i  ^  âi.* ( 1982) and by s t u d i e s  on 
o r i e n t e d  m u l t i l a y e r s  a r e  p r e s e n t e d .  These f i n d i n g s  a r e
d i s c u s s e d  i n  r e l a t i o n  to  th e  l i k e l y  c o n t r i b u t i o n  o f  th e  m ajo r  
mechanisms o f  s p i n - s p i n  i n t e r a c t i o n  to  th e  e f f e c t s  o b se rv e d  
f o r  th e  i r o n - s u l p h u r  c e n t r e s  o f  fu m a ra te  r e d u c t a s e .
8 .2  R e s u l t s  and d i s c u s s io n
8 .2 .1  I n t e r a c t i o n  between th e  f e r r e d o x i n  c e n t r e s
I t  was shown p r e v i o u s ly  i n  c h a p te r  4 t h a t  th e  fu m a ra te  
r e d u c t a s e  o f  E . c o l i  c o n ta in s  t h r e e  i r o n - s u l p h u r  c e n t r e s  and 
t h a t  i n t e r a c t i o n s  occu r  be tw een  th e s e  c e n t r e s  when they  a r e  
p a ra m a g n e t ic .  The i n t e r a c t i o n s  betw een p a ra m ag n e t ic  s p e c i e s  
have  two e f f e c t s  on th e  e . p . r .  p r o p e r t i e s ,  a r e l i e f  o f  power
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s a t u r a t i o n  and a b roaden ing  o f  th e  e . p . r .  s p e c t r a l
l i n e w i d t h .  The l a t t e r  e f f e c t  i s  most p ronounced  a t  low
te m p e r a t u r e s  and may be r e s o lv e d  i n t o  s p l i t t i n g  o f  th e  e . p . r .
s i g n a l ,  i f  th e  c e n t r e s  a r e  c lo s e  enough and a t  a f a v o u r a b le
o r i e n t a t i o n .  The s p l i t t i n g  o f  the  e . p . r .  l i n e  was o b se rv e d
f o r  s u c c i n a t e  dehyd rogenase  s p e c t r a  from mammalian h e a r t
m i to c h o n d r i a  (S a le rn o  ^  a l .  1979b). F i g . 8 .1 .  shows th e
e . p . r ,  d i f f e r e n c e  spectrum  o f  th e  d i t h i o n i t e  reduced  sp ec t ru m
minus t h e  s u c c i n a t e  reduced  sp e c t ru m . This  spec trum  can  o n ly
be t a k e n  a s  an a p p ro x im a t io n  o f  th e  e . p . r .  spec trum  f o r  FR2
u n d e r  t h e s e  c o n d i t i o n s .  This a p p ro x im a t io n  assum es t h a t  FR2
has  l i t t l e  e f f e c t  on th e  spec trum  o f  FRl u n d e r  t h e s e
c o n d i t i o n s  (and v ic e  v e r s a ) . a s  bo th  s p e c i e s  a r e
n o n -s a t u r a t i n g  (S a le rn o  jg i  â l .  1979). This  spec trum  can be
used  to  g a in  knowledge o f  the  g - t e n s o r s  o f  FR2, which can  be
c h a r a c t e r i s e d  by g = 1 .9 1 3 , ,  g_ = 1.926 and g = 2 .0 2 5 .  The X y z
s p ec t ru m  o f  FR2 so o b ta in e d  shows a marked s i m i l a r i t y  to  t h a t  
o f  FRl unde r  th e s e  c o n d i t i o n s .  Q u a n t i t a t i o n  o f  the  d i f f e r e n c e  
sp ec tru m  gave a p p ro x im a te ly  0 .9  s p i n s / f l a v i n .
F i g . 8 . 2 .  shows the  e . p . r .  s p e c t r a  o b t a in e d  from s u c c i n a t e  
and d i t h i o n i t e  reduced  membranes unde r  low t e m p e r a t u r e  
c o n d i t i o n s .  th e  spectrum  from th e  d i t h i o n i t e  reduced  
membranes was s e e n  to  be g r  ea t e l  y b roadened  i n  th e  gy and gz 
r e g i o n s ,  a s  compared to  th e  spectrum  from s u c c i n a t e  red u c e d  
membranes. F u r t h e r  i n v e s t i g a t i o n  o f  th e  d i t h i o n i t e  red u c e d  
sp e c t ru m  r e s o lv e d  a p a r t i a l  s p l i t t i n g  o f  th e  gy r e s o n a n c e ,  
when th e  sp ec t ru m  was r e c o rd e d  unde r  c o n d i t i o n s  t h a t  w e re  on ly
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F ig u r e  8 .1
E . p . r . ,  d i f f e r e n c e  spec trum
The e . p . r .  d i f f e r e n c e  sp e c t ru m  o b ta in e d  by s u b t r a c t i n g  
th e  e . p . r .  spec trum  from s u c c i n a t e  r ed u c e d  membranes from t h a t  
o b t a in e d  from d i t h i o n i t e  re d u c e d  membranes i s  shown. The 
s u b t r a c t i o n  was pe rform ed on  d i g i t i s e d  s p e c t r a  u s in g  a Comart 
Communicator CP100 m ic rocom pu te r .  The e . p . r .  c o n d i t i o n s  
w e re ;  microwave power, 1 .1 mW; m icrowave f re q u e n c y ,  9.50GHz; 
m o d u la t io n  a m p l i tu d e ,  I.OmT; m o d u la t io n  f r e q u e n c y ,  lOOKHz; 
s c a n  r a t e ,  O.ImT/s a t  a  t im e c o n s t a n t  o f  500ms. The 
t e m p e r a t u r e  was 27K f o r  th e  s u c c i n a t e  reduced  sam ple and 17K 
fo  t h e  d i t h i o n i t e  red u c e d  sam p le .  The p r o t e i n  c o n c e n t r a t i o n  
was a p p ro x im a te ly  69mg/ml.
E.p.r. D ifference Spectrum.
Dithionite Reduced Minus Succinote Reduced
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F i g u r e  8 .2 a
Low t e m p e r a t u r e  e . p . r .  s p e c t r a ,  f e r r e d o x i n  s i g n a l s
The e . p . r .  s p e c t r a  o f  s u c c i n a t e  red u c e d  (a )  and 
d i t h i o n i t e  reduced  (b) membranes a r e  shown , ta k e n  a t  4K, to  
i n d i c a t e  the  b ro a d e n in g  o f  th e  d i t h i o n i t e  red u ced  s p e c t ru m .  
E . p . r .  c o n d i t io n s  w e re  a s  d e s c r i b e d  f o r  f i g . 8 . 1 ,  e x c e p t :  
m ic rowave power, 2mW. g - v a l u e s  a r e  i n d i c a t e d  below th e  
s p e c t r a .
succinate
dithionite
193203
EPR Spectra. Ferredoxin Signal. 4 K
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F ig u r e  8 .2b
Low t e m p e r a tu r e  s p e c t ru m ,  d i t h i o n i t e  red u c e d  membranes
The spec trum  from d i t h i o n i t e  red uced  membranes i s  shown 
ta k e n  a t  4K and 0,0TnM microwave power, t o  more c l e a r l y  
o b s e rv e  th e  b r o a d e n in g  o f  the  e . p . r .  spec trum  o b t a i n e d  from 
th e s e  membranes. E . p . r .  c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r  
f i g , 8 . 1 .  R e c e iv e r  g a i n  f o r  th e  main sp ec tru m  was 2 ,0  x 10^ 
and 8 .0  x 10^ f o r  t h e  i n s e r t .  P a r t i a l  d e f i n i t i o n  o f  a
s p l i t t i n g  o f  th e  gy re so n a n c e  was o b se rv e d  from  th e s e
c o n d i t i o n s .  g - v a l u e s  a r e  i n d i c a t e d  below th e  s p e c t ru m .  The 
c i r c l e s  i n d i c a t e  th e  t h e o r e t i c a l  p o i n t s  o b t a i n e d  from a 
com pute r  s i m u l a t i o n  o f  the  spec trum . îh e  g - v a l u e s  employed 
f o r  FRl were 2 .0 2 5 ,  1 .9 2 8  and 1 .918 , t o g e t h e r  w i th  l i n e w i d t h s
o f  0.8mT,0.95mT and 1 .05mT. The g - v a l u e s  f o r  FR2 w e re  2 .0 2 5 ,
1 .926 and 1 .913 , t o g e t h e r  w i th  l i n e w i d th s  o f  0.8mT, I.OmT and 
1 .1 5mT. D = 8 f o r  b o th  s p e c i e s ,  Q = 60° and o /  = 4 5 ° .
xL
EPR Spec fra . Difhionife Reduced 
Membranes.
2 03 193
229
s l i g h t l y  s a t u r a t i n g  f o r  th e  d i t h i o n i t e  reduced  s i g n a l .  This  
s p l i t t i n g  o f  th e  gy re so n a n c e  was n o t  a s  p rom inent a s  t h a t  
o b s e rv e d  f o r  th e  b o v i n e - h e a r t  s u c c i n a t e  dehyd rogenase  ( S a le r n o  
e t  j a l ,  1979b), a l th o u g h  the  s p l i t t i n g  o f  th e  gy re so n a n c e  
from t h i s  enzyme was dependen t  upon th e  enzyme p r e p a r a t i o n  i n  
t h i s  l a t t e r  c a s e .  E nv ironm enta l  f a c t o r s  t h e r e f o r e  may p lay  a 
r o l e  i n  d e te rm in in g  w hat d e g re e  o f  b road en in g  o r  s p l i t t i n g  
o c c u r s  i n  th e  e . p . r .  spectrum  and th e  p o s s i b i l i t y  o f  th e  
c e n t r e s  be ing  r e a s o n a b ly  c lo s e  ca n n o t  be e x c lu d e d .  The low 
d e g r e e  o f  s p l i t t i n g  may a l s o  r e f l e c t  th e  d i s t a n c e  be tw een  th e  
c e n t r e s  and th e  o r i e n t a t i o n  o f  th e  c e n t r e s ,  i f  th e  s p l i t t i n g  
i s  due m ain ly  to  d i p o l a r  i n t e r a c t i o n .  Indeed  th e  
c o n t r i b u t i o n s  o f  exchange c o u p l in g  and d i p o l a r  c o u p l in g  to  th e  
o v e r a l l  i n t e r a c t i o n  may w e l l  d e te rm in e  th e  d e g re e  o f  
b ro a d e n in g  and s p l i t t i n g  s e e n  ( S a le r n o  5I .  1979b).
Ihe  most n o ta b le  o b s e r v a t i o n  from the  i n t e r a c t i o n  between 
th e  two f e r r e d o x i n s  i s  th e  r e l i e f  o f  power s a t u r a t i o n  caused  
by th e  r e d u c t io n  o f  th e  second f e r r e d o x i n  c e n t r e ,  wh ich can be 
o b se rv e d  over  a  w ide range  o f  power and t e m p e r a tu r e  s e t t i n g s .  
The power p r o f i l e s  o f  th e  f e r r e d o x i n  s ig n a l  a r e  shown i n  
F i g , 8 . 3 , from sam ples  p o ised  a t  v a r i o u s  redox  p o t e n t i a l s .  A 
m onophasic  p r o f i l e  was s e e n  f o r  p o t e n t i a l s  where  FRl a lo n e  was 
p a ra m a g n e t ic  and w here  FRl and FR2 were p a ra m a g n e t ic .  At 
i n t e r m e d i a t e  p o t e n t i a l s  th e  power p r o f i l e  was b i p h a s i c .  The 
i n t e r p r e t a t i o n  p lac e d  on t h i s  i s  t h a t  the  two f e r r e d o x i n
s p e c i e s  had i d e n t i c a l  r e l a x a t i o n  p r o c e s s e s  when both  we re  J
2)0
F ig u r e  8 .3
P o w e r ,s a t u r a t i o n  p r o f i l e s ,  f e r r e d o x i n  s i g n a l s
Power s a t u r a t i o n  p r o f i l e s  o f  th e  f e r r e d o x i n  s i g n a l s  from 
membranes p o i s e d  a t  v a r i o u s  redox  p o t e n t i a l s  a r e  shown. The 
a m b ie n t  redox  p o t e n t i a l s  o f  th e  sam ples  a r e  shown to  th e  
r i g h t  o f  the  p r o f i l e s .  The p r o f i l e s  show th e  change i n  
r e l a x a t i o n  o f  th e  s u c c i n a t e  r e d u c i b l e  c e n t r e ,  as th e  
d i t h i o n i t e  r e d u c i b l e  c e n t r e  t i t r a t e s .  Homogeneous p r o f i l e s  
a r e  shown a t  -1 9 0 mV and -400mV. E . p . r .  c o n d i t i o n s  w e re  a s  
d e s c r i b e d  f o r  f i g . 8 .1  and th e  te m p e r a tu r e  was %K. The p r o t e i n  
c o n c e n t r a t i o n  was a p p ro x im a te ly  42mg/ml.
400 mVPower Profiles. Ferredox in Signal
320mV
190 mV
200-2
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p a ra m a g n e t ic .  As FR2 t i t r a t e d  some o f  th e  sam ple  had both  
c e n t r e s  p a ra m a g n e t ic  and some had o n ly  FRl p a r a m a g n e t ic ,  th u s  
a  b i p h a s i c  p r o f i l e  would r e s u l t  because  o f  th e  two enzyme 
p o p u l a t i o n s ,  th e  enzyme c o n ta i n in g  both  c e n t r e s  r ed u c e d  would 
have  f a s t e r  r e l a x a t i o n  th a n  t h a t  w i th  j u s t  FRl r e d u c e d .  The 
i n t e r a c t i o n  be tw een  th e  two c e n t r e s  caused  th e  i n c r e a s e  i n  
r e l a x a t i o n  o f  bo th  c e n t r e s ,  so when FR2 was f u l l y  p a ra m a g n e t ic  
o n ly  th e  f a s t  r e l a x i n g  s p e c i e s  w e re  p r e s e n t  a s  a r e s u l t  o f  th e  
i n t e r a c t i o n  betw een  th e  c e n t r e s .  F i g . 8 .4  shows th e  power 
p r o f i l e s  o f  th e  e . p . r .  s p e c t r a  from th e  two r e d u c t i o n  s t a t e s ,  
t o g e t h e r  w i th  a  d i f f e r e n c e  p r o f i l e  o b ta in e d  by s u b t r a c t i n g  th e  
s u c c i n a t e  r ed u c e d  p r o f i l e  from th e  d i t h i o n i t e  red u c e d  
p r o f i l e .  This  p r o f i l e  i s  n o t  i n d i c a t i v e  o f  a  s e p a r a t e  
s p e c i e s ,  bu t i n d i c a t e s  i n t e r a c t i o n  betw een  th e  two 
f e r r e d o x i n s .  The maximum s lo p e  t h a t  sh o u ld  be o b t a i n a b l e  f o r  
in d e p e n d e n t  s p e c i e s  i s  1 /2 ,  b u t  a r e g i o n  o f  s lo p e  g r e a t e r  th a n  
1 /2  i s  s e e n  from th e  d i f f e r e n c e  p r o f i l e .  T h is  a r i s e s  because  
i n  t h e  d i t h i o n i t e  red u c e d  p r o f i l e  th e  c o n t r i b u t i o n  from FRl 
was no lo n g e r  t h a t  o f  th e  p r o f i l e  from s u c c i n a t e  reduced  
membranes. The p r o f i l e  o f  FRl had changed t o  t h a t  o b se rv e d  i n  
d i t h i o n i t e  r e d u c e d  membranes, so s u b t r a c t i o n  o f  th e  o r i g i n a l  
p r o f i l e  o f  F R l , from th e  d i t h i o n i t e  reduced  p r o f i l e ,  a t  powers 
w here  FRl a lo n e  s a t u r a t e s ,  does  n o t  remove enough s i g n a l  
h e i g h t  c a u s in g  th e  r e m a in d e r  to  be added to  t h e  p r o f i l e  o f  
FR2, so g i v in g  th e  s lo p e  g r e a t e r  th a n  1 /2  ( S a le r n o  ^  a l .
197 9 b ) .
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F ig u r e  8 .4
Foye r  s a t u r a t i o n  p r o f i l e s  o f  FRI and FR2 a t  4.5K
Power s a t u r a t i o n  p r o f i l e s  from s u c c i n a t e  red u c e d  (FRI) 
and d i t h i o n i t e  re d u c e d  (FRI + FR2) membranes a r e  shown from 
th e  e . p . r .  s i g n a l s  a t  4.5K. The d i f f e r e n c e  p r o f i l e  o f  th e  
d i t h i o n i t e  red u c e d  p r o f i l e  minus t h e  s u c c i n a t e  r ed u c e d  p r o f i l e  
i s  a l s o  shown, to  i l l u s t r a t e  th e  i n t e r a c t i o n  betw een  FR1 and 
FR2. A r e g i o n  i s  s e e n  i n  t h i s  p r o f i l e  w he re  th e  s lo p e  o f  th e  
p r o f i l e  i s  g r e a t e r  th a n  0 . 5 ,  i n d i c a t i n g  i n t e r a c t i o n  betw een 
th e  two f e r r e d o x i n  c e n t e s  ( s e e  t e x t ) .  E . p . r  c o n d i t i o n s  w e re  
a s  d e s c r i b e d  f o r  f i g . 8.1 and th e  p r o t e i n  c o n c e n t r a t i o n  was 
69mg/ml,
- Power P rof i les . 4 SK
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13
JDc.<
cn
difference,
s lo pe> 0* 5
cn
In
02
Microwave Power(mW)
2x10
233
F u r t h e r  e v id e n c e  o f  i n t e r a c t i o n  be tw een  th e  f e r r e d o x i n
c e n t r e s  o f  fu m a r a t e  r e d u c t a s e  was s e e n  i n  th e  d e t e c t i o n  o f  a 
h a l f - f i e l d  s i g n a l  (S teenkam p e t  a l .  1978, S a le r n o  a l .
197 9 b ) ,  from d i t h i o n i t e  red u c e d  sam p les  and sam p les  p o ise d  a t  
low redox p o t e n t i a l s .  This  s i g n a l  i s  shown i n  F i g . 8 . 5 .  and 
h a s  a g - v a lu e  2  3 .8 8 .  D i is  s i g n a l  i s  s t r o n g  e v id e n c e  f o r  th e  
e x i s t e n c e  o f  s p in - c o u p l i n g  betw een  th e  two f e r r e d o x i n  c e n t r e s  
(Mathews £ t  a l .  1 974, S a le r n o  a l#  1979) and a r i s e s  from th e  
' f o rb i d d e n *  t r a n s i t i o n s  (A = 2) be tw een  th e  two c e n t r e s .
The s i g n a l  t i t r a t e d  t o  g i v e  a mid -  p o t e n t i a d  (pH 7 .0 )  o f
a p p ro x im a te ly  -280 mV, ( F i g . 8 . 6 ) .  This c o r r e l a t e s  w e l l  w i th  
th e  m id - p o in t  p o t e n t i a l  o f  th e  second  f e r r e d o x i n ,  i n d i c a t i n g  
t h a t  t h i s  s i g n a l  a r i s e s  from i n t e r a c t i o n  be tw een  FR1 and 
a n o th e r  p a ra m a g n e t ic  s p e c i e s  t i t r a t i n g  i n  t h i s  r e g i o n .  Two 
s p e c i e s  a r e  i n t e r a c t i n g ,  bo th  o f  which a r e  c e n t r e d  around  
a p p ro x im a te ly  g = 1 .9 4  and one o f  which h a s  an  of
a p p ro x im a te ly  -280mV. The homogeneous power p r o f i l e  and th e  
m id - p o in t  p o t e n t i a l  o f  the  h a l f - f i e l d  s i g n a l  i n d i c a t e s  FR2 to  
be t h i s  p a ra m ag n e t ic  s p e c i e s .
More th a n  one i n t e r p r e t a t i o n  can  be p lac e d  on th e  r e s u l t s  
o b t a i n e d .  The s im p l e s t  i n t e r p r e t a t i o n  i s  t h a t  th e  two
f e r r e d o x i n  c e n t r e s  have s i m i l a r  g - v a l u e s ,  b u t  d i f f e r e n t  
m id - p o in t  p o t e n t i a l s  and r e l a x a t i o i n  r a t e s .  The e x i s t e n c e  o f  
bo th  f e r r e d o x i n s  i n  a  p a ra m a g n e t ic  s t a t e  c a u se s  i n t e r a c t i o n  
be tw een  th e  two c e n t r e s  and th e  change i n  th e  e . p . r .
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F ig u r e  8 .5
E .p .  r._ h a lf - f ie JL d  s i g n a l s
E . p . r .  s p e c t r a  r e c o rd e d  i n  t h e  h a l f - f i e l d  r e g i o n  a r e
shown f o r  membranes p o i se d  a t  t h r e e  redox  p o t e n t i a l s .  The
re d o x  p o t e n t i a l s  o f  th e  sam ples  a r e  shown t o  th e  l e f t  o f  th e
s p e c t r a  and th e  g - v a l u e s  a r e  i n d i c a t e d  below th e  s p e c t r a .  
E . p . r .  c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r  f i g . 8 . 1 ,  e x c e p t  
m icrowave power was 20mW, th e  r e c e i v e r  g a i n  was 1 x 10^ and 
t h e  t e m p e ra tu re  was 6K. The p r o t e i n  c o n c e n t r a t i o n  was
42mg/ml.
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F ig u r e  8 .6
P o t e n to m e t r i c  t i t r a t i o n  o f  th e  h a l f - f i e l d  s i g n a l s
A p o t e n t io m e t r i c  t i t r a t i o n  o f  th e  h a l f - f i e l d  s i g n a l s  
o b s e rv e d  from th e  membranes o f  JRG1031 a r e  shown. The s i g n a l  
h e i g h t  o f  the  e . p . r .  s i g n a l s  i s  shown p l o t t e d  a g a i n s t  th e  
a m b ie n t  e l e c t r o d e  p o t e n t i a l  o f  th e  sam ple . Ih e  a rrow  
i n d i c a t e s  th e  m id -p o in t  p o t e n t i a l  o f  th e  g = 3 .8 8  s i g n a l .  
E . p . r .  c o n d i t i o n s  we re  a s  d e s c ib e d  f o  f i g . 8.1 e x c e p t ;  
m icrowave power, 20mW; t e m p e r a t u r e ,  6K and t h e  p r o t e i n  
c o n c e n t r a t i o n  was 42mg/ml.
Redox Titration, 
"Half-Fieid" Sio n d s
.6 0
.4 0
.20
-4 0 0-300
Eh(mV)
J
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p r o p e r t i e s  o b s e rv e d .  However, t h e  e x p la n a t i o n  pHr'oposed by 
S a le r n o  jJL. ( 1979b) f o r  b o v i n e - h e a r t  s u c c i n a t e
d e h y d ro g e n a se ,  c a n n o t  be e x c lu d e d  from the  r e s u l t s  o b t a i n e d .  
I n  t h i s  s u g g e s t i o n  th e  i r o n - s u l p h u r  c e n t r e s  a r e  
i n d i s t i n g u i s h a b l e ,  b u t  i n t e r a c t i o n  betw een them, c a u s e s  t h e  
second  e l e c t r o n  t o  be a c c e p te d  l e s s  r e a d i l y  th e n  th e  f i r s t .  
Thus th e  a p p a r e n t ,  low m id - p o in t  p o t e n t i a l  o f  th e  second 
f e r r e d o x i n  c e n t r e  i s  s e e n  i n  th e  t i t r a t i o n  o f  t h e  f e r r e d o x i n  
s i g n a l ,  because  o f  th e  i n t e r a c t i o n .  Ihe m id - p o in t  p o t e n t i a l  
o f  the  second f e r r e d o x i n  would be d e te rm in e d  from th e  
m id - p o in t  o f  t h e  co u p le  t o g e t h e r  w i th  th e  i n t e r a c t i o n  en e rg y  
o f  th e  two c e n t r e s .  By n e c e s s i t y  th e  h a l f - r e d u c t i o n  p o t e n t i a l  
o f  FR2 i s  a lw ays  m easu red  i n  th e  p re se n c e  o f  FR1. A m id - p o in t  
p o t e n t i a l  o f  -120mV f o r  FR2, t o g e t h e r  w i th  an  i n t e r a c t i o n  
ene rgy  o f  140mV and a s t a t i s t i c a l  term  of 25mV would p roduce  
th e  m easured m id - p o in t  p o t e n t i a l  ( -120  -  140 -  25 = -2ü5mV, 
S a le rn o  £1; â l .  1 979b, J .C .  S a le r n o  p e rso n a l  co m m u n ic a t io n ) .
The power p r o f i l e s  from  d i t h i o n i t e  red u c e d  membranes 
showed t h a t  th e  r e l a x a t i o n  o f  FR1 and FR2 o c c u r r e d  a s  a  s i n g l e  
s p e c i e s ,  w i th  an  i n c r e a s e  i n  th e  r e l a x a t i o n  r a t e  o f  th e  FR1. 
The in c r e a s e d  r a t e  o f  r e l a x a t i o n  o f  FR1 i n  th e  p r e s e n c e  o f  
p a ra m ag n e t ic  FR2, was a r e s u l t  o f  th e  i n t r o d u c t i o n  o f  a 
s p i n - s p i n  r e l a x a t i o n  p r o c e s s  (T ^ ) ,  be tw een th e  t%ro 
p a ra m ag n e t ic  s p e c i e s .  I t  c an n o t  be e x c lu d e d  t h a t  th e  
r e l a x a t i o n  r a t e  o f  FR2 was enhanced i n  a s i m i l a r  m anner, i n  
th e  p re se n c e  o f  FR1, a s  th e  r e l a x a t i o n  o f  FR2 c a n n o t  be
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m easu red  i n d e p e n d e n t l y ,  th e  f a s t e r  r e l a x a t i o n  o f  FR1 was 
c o n fi rm e d  by t h e  d i f f e r e n c e  power p r o f i l e .  The f a s t e r  
r e l a x a t i o n  o f  FR1 may a l s o  be e x p la in e d  by r e d u c t i o n  by 
d i t h i o n i t e  c a u s in g  a  c o n fo rm a t io n a l  change i n  t h e  p r o t e i n ,  
which a l t e r s  t h e  e n v iro n m en t  o f  th e  i r o n - s u l p h u r  c e n t r e .  The 
r e l a x a t i o n  p r o c e s s e s  o f  i r o n - s u lp h u r  c e n t r e s  h a s  been  shown to  
be d e p e n d en t  on th e  env ironm ent o f  th e  c l u s t e r  (O h n i sh i  ^  
â l .  1976a, S a l e r n o  â l .  1977b), so t h i s  e x p l a n a t i o n  f o r  
t h e  enhancem ent o f  th e  r e l a x a t i o n  o f  c e n t r e  FR1 c a n n o t  be 
e x c lu d e d .  The b ro ad e n in g  o f  th e  e . p . r .  s p e c t r a  a t  low 
te m p e r a t u r e s  ( d i t h i o n i t e  reduced  membranes) would s u g g e s t  t h a t  
th e  r e l a x a t i o n  enhancem ent i s  due to  i n t e r a c t i o n  betw een 
c e n t r e s ,  p a r t i c u l a r l y  i n  th e  l i g h t  o f  th e  p a r t i a l  s p l i t t i n g  o f  
th e  gy re s o n a n c e  a t  low t e m p e r a t u r e s .  Knowledge o f  th e  
s p a t i a l  r e l a t i o n s h i p s  o f  the  two f e r r e d o x i n  c e n t r e s  would 
a l lo w  the  a s s e s s m e n t  o f  the  p o s s i b l e  i n t e r a c t i o n  mechanisms 
and h e l p  i n  th e  i n t e r p r e t a t i o n  o f  th e  r e s u l t s  o b t a i n e d .
8 .2 .2  I n t e r a c t i o n  between FR1 and FR3 (HIPIP)
The fu m a r a t e  r e d u c ta s e  o f  £ .  c o l l  p r e s e n t s  a  nove l system  
f o r  th e  s u c c i n a t e - f u m a r a t e  o x id o - r e d u c ta s e  c l a s s  o f  enzymes, 
i n  t h a t  the  re d o x  c h e m is t ry  o f  th e  c l u s t e r s  i s  such  t h a t  FR1 
and FR3 can  be o bse rved  i n  sam ples  w he re  bo th  c e n t r e s  a r e  
p a r t i a l l y  p a r a m a g n e t ic  ( c h a p te r  4 ) .  I n t e r a c t i o n  be tw een  th e s e  
c e n t r e s  can th u s  be s tu d i e d  i n  t h i s  enzyme. Samples w e re  th u s  
p o ise d  a t  redox  p o t e n t i a l s  t h a t  b e s t  a l low ed  th e  i n t e r a c t i o n
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t o  be s tu d i e d  by e . p . r .  ( t y p i c a l l y  -70mV), by t i t r a t i o n  o f  
o x i d i s e d  membranes w i th  sodium s u c c i n a t e .  The e . p . r .  
s p e c t ru m  o b ta in e d  a t  low t e m p e r a t u r e s  and power (6K, 0.07mW)
i s  shown i n  f i g . 8 . 7 .  Under th e s e  c o n d i t i o n s  a  b ro ad e n in g  o f  
th e  g = 2 .01  re s o n a n c e  o f  th e  H iPIP was se e n ,  t o g e t h e r  w i th  a 
b r o a d e n in g  o f  th e  gy and gx o f  FBI. A b ro ad e n in g  o f  
a p p ro x im a te ly  13 g a u s s  (gy) was m easu red  f o r  th e  e f f e c t  on 
bo th  s p e c i e s .  T h is  phenomenon may i n d i c a t e  t h a t  th e  
i n t e r a c t i o n  betw een th e s e  two c e n t r e s  i s  l a r g e ,  because  they  
a r e  o n ly  p a r t i a l l y  i n  a p a ra m ag n e t ic  s t a t e .  There  w i l l  be a 
r e s i d u a l  e . p . r .  s i g n a l  from th e  n o n - i n t e r a c t i n g  HiPIP and 
f e r r e d o x i n  c e n t r e s ,  so th e  o b se rv e d  e . p . r .  spec trum  w i l l  be a 
c o m p o s i te  o f  t h e s e  s i g n a l s .  Because th e  c e n t r e s  a r e  on ly
p a r t i a l l y  p a ra m a g n e t ic  f o u r  p o p u l a t i o n s  o f  the  c e n t r e s  w i l l
e x i s t ;  t h a t  w i th  both  FR1 and FR3 p a ra m a g n e t ic ;  th o s e  w i th  FR1 
o r  FR3 p a ra m a g n e t ic  and t h a t  w i th  n e i t h e r  o f  th e  two c e n t r e s  
p a ra m a g n e t ic .  The p o p u l a t io n  w i th  on ly  FR3 p a ra m a g n e t ic  w i l l  
g i v e  r i s e  to  th e  normal e . p . r .  sp ec t ru m  f o r  t h i s  c e n t r e .  In  
t i t r a t i n g  th e  membranes w i th  s u c c i n a t e  some of  th e  enzyme w i l l  
have  bo th  c e n t r e s  r e d u c e d ,  some w i l l  have on ly  FR1 reduced  and 
some o f  the  enzyme w i l l  have none o f  th e  c e n t r e s  r e d u c e d .  The 
s i z e  o f  each p o p u l a t i o n  i s  d e p e n d en t  on th e  redox  c h e m is t ry  o f  
th e  i r o n - s u l p h u r  c e n t r e s .  The power p r o f i l e s  from the  
r e d o x - p o i s e d  sam ples  d id  i n d i c a t e  two p o p u la t io n s  f o r  each 
c e n t r e ,  th o se  i n t e r a c t i n g  and th o s e  n o n - i n t e r a c t i n g .  F i g . 8 .8  
shows th e  power p r o f i l e s  f o r  FR1 where  t h i s  i s  i l l u s t r a t e d
c l e a r l y .  The P I /2  m easured from th e  i n t e r a c t i n g  p o p u la t io n
was g r e a t e r  th a n  t h a t  from th e  n o n - i n t e r a c t i n g  p o p u la t io n .
259
F ig u r e  8 .7
E . p . r ,  sp ec t ru m  o f  jgem b ra  ne 3 p o i s e d  a t  -70mV,
The e . p . r .  spectrum  r e c o rd e d  a t  4K and O.OTmW microwave 
power, from membranes p o i se d  a t  -70mV i s  shown. The g - v a l u e s  
a r e  i n d i c a t e d  below the  s p e c t r a .  The e . p . r  c o n d i t i o n s  w e re  as  
d e s c r i b e d  f o r  f i g . 8 .1 .  The c i r c l e s  i n d i c a t e  t h e o r e t i c a l  
p o i n t s  d e r i v e d  from a com puter s i m u l a t i o n  o f  th e  sp e c t ru m . 
For FR1, g - v a l u e s  o f  2 .0 2 5 ,  1 .9 2 8  and 1 .918 , t o g e t h e r  w i th
l i n e w i d t h s  o f  0.8mT, 0.95mT and 1.05mT r e s p e c t i v e l y  were used
f o r  th e  s im u l a t io n .  For FR3, g - v a l u e s  o f  2 . 0 1 , 1 .99  and 1 .5 5 ,  
t o g e t h e r  w i th  l i n e w i d th s  o f  0.7mT, 2.5mT and 5.5mT
r e s p e c t i v e l y  were u se d .  D = 7 . 5  f o r  bo th  c e n t r e s  and 0 = 50° 
and 0 /  = 65^ .
EPR S p e c t r u m :
M em brane P a r t i c l e s ,  -70 m V
2 03 2 01 1 93g -v a lu G
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F i g u r e  8 .8
Power s a t u r a t i o n  p r o f i l e s ,  f e r r e d o x i n  s ig n a l
The power s a t u r a t i o n  p r o f i l e  o f  th e  f e r e d o x i n  s i g n a l  a r e  
shown, from sam ples  p o ise d  a t  two redox  p o t e n t i a l s ,  to  
i n d i c a t e  th e  change i n  r e l a x a t i o n  b e h a v io u r  o f  FBI by 
i n t e r a c t i o n  w ith  FR3. The a m b ie n t  e l e c t r o d e  p o t e n t i a l s  o f  th e  
sam p les  a r e  i n d i c a t e d  to  t h e  r i g h t  o f  th e  p r o f i l e s .  The 
e . p . r .  conditions w e re  a s  d e s c r i b e d  f o r  f i g . 8 . 1 ,  e x c e p t  th e  
te m p e r a t u r e  was JK and t h e  p r o t e i n  c o n c e n t r a t i o n  was 42mg/ml.
Power Profiles. Ferredox in Signal
JD
cn
cn
I200*2
Microwave Power (mW)
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a g a i n  i n d i c a t i n g  th e  i n t e r a c t i o n  and was d e p e n d en t  upon  th e  
re d o x  p o t e n t i a l  o f  th e  sample ( c . f .  c h a p te r  4 ) ,
Sam ples p o is e d  a t  th e  r e d o x  p o t e n t i a l s  t h a t  had bo th  
i r o n - s u l p h u r  c e n t r e s  p a r t i a l l y  p a ra m a g n e t ic  were  a l s o  examined 
f o r  th e  p r e se n c e  o f  h a l f - f i e l d  s i g n a l s .  Two s i g n a l s  w e re
o b s e rv e d  i n  th e s e  sam ples w i th  g - v a l u e s  o f  a p p ro x im a te ly  3 .8 8  
and 4 .0 2  ( f i g . 8 . 5 . ) ,  s i m i l a r  t o  t h a t  o b se rv ed  from th e
d i t h i o n i t e  red u ced  o r low p o t e n t i a l  s a m p le s .  The s i g n a l s  w e re
a t  a low e r  i n t e n s i t y  th a n  t h a t  o b se rv e d  from d i t h i o n i t e
r e d u c e d  sam p les ,  but a g a in  p o i n t  t o  th e  i n t e r a c t i o n  betw een  
FR1 and FR3 b e in g  s t r o n g .  The s i g n a l s  bo th  a p p e a re d  to
t i t r a t e  i n  a * b e l l ’- s h a p e d  m anor, wh ich f i t s  w i th  the
h y p o t h e s i s  t h a t  they  a r i s e  from th e  i n t e r a c t i o n  o f  FR1 and
FR3.
8 .2 .3  C o n t r i b u t io n s  o f  exchange and d i p o l a r  c o u p lin g
Two ty p e s  o f  i n t e r a c t i o n  betw een  pa ra m ag n e t ic  s p e c i e s  a r e  
l i k e l y  to  c o n t r i b u t e  to  th e  i n t e r a c t i o n  betw een th e  
i r o n - s u l p h u r  c e n t r e s  o f  fu m a ra te  r e d u c t a s e  (Coffman & B u e t tn e r  
1979a & b, S a le rn o  ^  â i , .  197 9 b ) .  I n t e r a c t i o n  which r e s u l t s  
from  th e  e f f e c t  o f  th e  m agne tic  f i e l d ,  o f  each s p in ,  on th e  
m a g n e t ic  moment o f  the  o t h e r ,  i s  c a l l e d  m agne tic  d i p o l e - d i p o l e  
c o u p l in g .  A th e o ry  was deve loped  by Le igh (1969) to  d e s c r i b e  
t h i s  phenomenon. The d ip o l  e - d i p o l e  c o u p l in g  i s  a n i s o t r o p i c  i n
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n a t u r e  and a n  e x p r e s s i o n  f o r  th e  a n g u la r  dependence  o f  th e  
s p l i t t i n g  was p r e s e n t e d :
Û H /2  = ( 1 - 3 0 0 3 ^ 8 ^ )  /
whe re  Q f f  th e  e f f e c t i v e  m a g n e t ic  moment and 0^ i s  th e
a z im u th a l  a n g le  betw een th e  m ag n e t ic  f i e l d  and t h e  v e c t o r
c o n n e c t in g  th e  two s p i n s .  I f  a  s p l i t t i n g  o f  12-13 g a u s s  i s
e s t i m a t e d  from th e  lo w - te m p e r a tu r e  sp e c t ru m , o f  d i t h i o n i t e
r e d u c e d  membranes, th e n  a maximum d i s t a n c e  o f  23% betw een
c e n t r e  FR1 and c e n t r e  FR2 c an  be e s t i m a t e d  by ta k in g  
2 2( 1-3008 Q^) = 4, which i s  t h e  maximum v a lu e  f o r  t h i s  te rm .
At a n g le s  o t h e r  th an  0 = 0 ,  th e n  s h o r t e r  d i s t a n c e s  w i l l  be
o b t a i n e d  from t h i s  e q u a t io n .  An a v e ra g e d  v a lu e  o f  th e  a n g u la r
te rm , a s  th e  sam ples  a r e  random ly o r i e n t e d  f r o z e n  s o l i d s ,  gave 
an  e s t i m a t e  o f  r  a s  a p p ro x im a te ly  7^» when s u b s t i t u t e d  i n  th e  
e q u a t i o n  f o r  th e  o bse rved  s p l i t t i n g .
î h e  l a c k  o f  o bse rved  s p l i t t i n g  o f  th e  HiPIP and FR1 
s p e c t r a  p r e c lu d e s  th e  use  o f  th e  p r e v io u s  e q u a t i o n  f o r  the  
e s t i m a t i o n  o f  th e  d i s t a n c e  betw een  th e  c e n t r e s ,  Zwe ier (19% ) 
p r e s e n t e d  an  e q u a t i o n  f o r  th e  e s t i m a t i o n  o f  th e  d i s t a n c e s  
betw een  c e n t r e s ,  from the  o b se rv e d  b ro ad e n in g  o f  th e  c e n t r e s  
when bo th  were  p a ra m a g n e t ic :
r  = 19.2b ( g [S ( S + 1 ) ]1 /2  /  ^ h) 1 /3
where g = (gx+gy+gz)^^^ and i s  th e  ro o t - m e a n - s q u a r e  g - v a lu e
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f o r  s p i n  2 .  A H i s  th e  b ro ad e n in g  o f  th e  e . p . r .  l i n e w i d t h  o f  
s p i n  1 . Using t h i s  e q u a t i o n  , an  e s t i m a t e  o f  10-15% was 
o b t a i n e d .  T h is  d i s t a n c e  betw een FR1 and FR3 w i l l  be an  
o v e r e s t i m a t e  because  o f  th e  p a r t i a l  p a ra m a g n e t ic  n a t u r e  o f  th e  
sam ple and hen ce  th e  f u l l  e f f e c t s  o f  th e  i n t e r a c t i o n  a r e  no t  
o b s e rv e d .  The d i s t a n c e  e s t i m a t e  f o r  FR1 and FR3 s u g g e s t s  t h a t  
th e s e  two c e n t r e s  a r e  s t r o n g l y  co u p led  i n  t h e  fu m a r a te  
r e d u c t a s e  from £ .  c o l i .
The second  p o s s i b l e  type o f  i n t e r a c t i o n  betw een 
p a ra m a g n e t ic  c e n t r e s  i s  an  i s o t r o p i c  exchange i n t e r a c t i o n  t h a t  
o c c u r s  due to  o v e r l a p  o f  th e  s p i n  o r b i t a l s  o f  th e  two 
i n t e r a c t i n g  s p i n s .  T h is  type  o f  i n t e r a c t i o n  i s  o n ly  e f f e c t i v e  
ove r  s h o r t  r a n g e  d i s t a n c e s  and Coffman & B u e t tn e r  (1979a & b) 
showed t h a t  t h e r e  was a l i m i t  f u n c t i o n  f o r  th e  r a n g e  o f  t h i s  
type  o f  i n t e r a c t i o n .  They a l s o  showed th e  th e  s t r e n g t h  o f  the  
i n t e r a c t i o n  c o u ld  be used  to  e s t i m a t e  the  d i s t a n c e  betw een  two 
c e n t r e s ,  o r  v i c e  v e r s a  ( J  th e  c o u p l in g  c o n s t a n t  betw een th e  
two c e n t r e s  co u ld  be e s t i m a t e d ) .  For a d i s t a n c e  o f  
a p p ro x im a te ly  10% J  cou ld  be e s t im a te d  to  have  a v a lu e  o f
*cm
u s in g  th e  l i m i t  f u n c t i o n  o f  Coffman & B u e t tn e r  (1 9 7 9 ) .  The 
i n t e r a c t i o n  be tw een  th e  i r o n - s u l p h u r  c e n t r e s  o f  fu m a ra te  
r e d u c t a s e  may c o n t a i n  c o n t r i b u t i o n s  from bo th  ty p e s  o f
i n t e r a c t i o n s .  I f  th e  c o n t r i b u t i o n  from th e  exchange
i n t e r a c t i o n  i s  l a r g e ,  th e n  e s t i m a t e s  o f  r  from  assum ing a
l a r g e l y  d i p o l a r  i n t e r a c t i o n  w i l l  r e s u l t  i n  e r r o r s  o f  the
i n t e r - s p i n  d i s t a n c e .  However, th e  l i m i t  o f  exchange
a p p ro x im a te ly  u n i t y ,  w h i l s t  f o r  a d i s t a n c e  o f  14% J  2  lOT^
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i n t e r a c t i o n  ( a n t i f e r r o m a g n e t i c )  was s e t  a t  a p p ro x im a te ly  15% 
by Coffman & B u e t t n e r ,  and t h a t  d i p o l a r  i n t e r a c t i o n s  can  be 
assumed to  be t h e  m ajo r  type  o f  I n t e r a c t i o n  a t  d i s t a n c e s  
g r e a t e r  th a n  10%, The s t r e n g t h  o f  the  d i p o l a r  i n t e r a c t i o n  
w i l l  depend on th e  r e l a t i v e  o r i e n t a t i o n s  o f  th e  two c e n t r e s  
and hence  th e  two a n g le s  0^ and 6^  ( a n g le s  o f  th e  i n t e r s p i n  
v e c t o r ,  r  to  c e n t r e  1, f i g . 8 .1 8 )  a r e  r e q u i r e d  f o r  th e  a c c u r a t e  
e s t i m a t i o n  o f  th e  i n t e r - s p i n  d i s t a n c e .
The c o n t r i b u t i o n  o f  an exchange term to  th e  i n t e r a c t i o n  
b e tw e en  th e  i r o n - s u l p h u r  c e n t r e s  would be e x p e c te d  t o  c a n c e l  
th e  d i p o l a r  te rm  i f  th e  v a lu e  o f  J  was l a r g e  enough 
(>25cm ~^). I f  J  was i n  th e  r e g i o n  o f  5-1 Ocm”  ^ th e n  a 
r e d u c t i o n  o f  th e  o b se rv e d  e . p . r .  i n t e n s i t y  would be e x p e c te d ,  
be c au se  o f  th e  p o p u l a t i o n  o f  th e  e . p . r .  s i l e n t  s i n g l e t  
( 8 = 3 / 2 ) .  The s i g n a l  would be expec ted  to  d e c r e a s e  more 
r a p i d l y  w ith  t e m p e r a t u r e  th a n  th e  C u r ie  e f f e c t  p r e d i c t s  and 
c o u ld  a l s o  a c c o u n t  f o r  th e  i n c r e a s e d  r a t e  o f  s p i n  r e l a x a t i o n  
o b s e rv e d  i n  th e  f u l l y  r ed u c e d  enzyme ( c h a p te r  5 ) .
8 . 2 . 4  E s t iP la te s  o f  th e  i n t e r - s p i n  d i s t a n c e s
O h n ish i  ^  a l .  ( 1982) p r e s e n t e d  a method f o r  th e  
e s t i m a t i o n  o f  th e  d i s t a n c e  between two i n t e r a c t i n g  redox  
c e n t r e s ,  i f  th e  n a tu r e  o f  th e  i n t e r a c t i o n  was assumed to  be 
l a r g e l y  d i p o l a r  i n  n a tu r e .  The a u th o r s  e s t im a te d  th e  d i s t a n c e  
b e tw een  cy toch rom es & and i n  a cy toch rom e o x id a s e
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p r e p a r a t i o n .  The d i s t a n c e  was c a l c u l a t e d  from th e  B term  of  
th e  d i p o l a r  H a m ilto n ia n ,  t h a t  a r i s e s  from th e  enhancem ent o f  
t h e  r e l a x a t i o n  tim e of th e  slow r e l a x i n g  s p e c i e s ,  by th e  f a s t  
r e l a x i n g  s p e c i e s . .  The B term  was shown to  be dom inant by Hyde 
& Rao ( 1978) .  P r o g r e s s iv e  power s a t u r a t i o n  was used  t o  s tu d y  
th e  i n t e r a c t i o n s  between FR1 and FR2 o r  FR3 u s in g  t h i s
m ethod . The s a t u r a t i o n  p a ra m e te r  P I /2  was used to  o b t a i n  th e  
s p i n - l a t t i c e  r e l a x a t i o n  t im e s  (T^) o f  th e  two i n t e r a c t i n g
s p e c i e s ,  i n  th e  absence  o f  i n t e r a c t i o n .  The v a lu e  o f  T.^  f o r  
FR2 was e s t im a te d  from the  d i t h i o n i t e  red u ced  membranes, a s  i t  
was assumed t h a t  FR2 was f a s t e r  r e l a x i n g  th a n  FR1. T^  was 
assumed to  be eq u a l  to  T^ i n  t h e  a b sen c e  o f  i n t e r a c t i o n .  The
r e l a x a t i o n  tim e of  th e  c e n t r e s  was e s t im a te d  u s in g  th e
f o l l o w i n g  e q u a t io n s :
whe re  K i s  th e  gy ro m ag n e tic  r a t i o  and k i s  a c o n s ta n t  
d e p e n d e n t  upon th e  c a v i t y  l o a d in g  o f  the  e . p . r .  
s p e c t r o m e te r .  Thus th e  s h o r t e s t  p o s s i b l e  T.^  i s  found when 
T.J = T^. W h ils t  t h i s  a s s u m p t io n  i s  n o t  s t r i c t l y  v a l i d  f o r  
FR2, because  o f  the  i n t e r a c t i o n ,  a  u s e f u l l  e s t i m a t e  o f  FR2*s 
r e l a x a t i o n  tim e can be o b t a i n e d .  f o r  FR1 p lu s  FR2 was
e s t i m a t e d  from the  i n c r e a s e d  l i n e  w id th  o f  th e  e . p . r .  
sp e c t ru m  of th e  f e r r e d o x i n  s i g n a l ,  i n  d i t h i o n i t e  reduced  
membranes. T  ^ was found to  be, t y p i c a l l y  a t  l e a s t  an  o r d e r  o f  
m agnitude  l e s s  th a n  T.j, so a  l a r g e  e r r o r  i n  th e  e s t i m a t i o n  o f  
T.^  o f  FR2 was n o t  l i k e l y  to  l e a d  t o  u n r e a s o n a b le  e s t i m a t e s  f o r
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th is  factor. The distance estimate using the equation of 
Ohnishi âl.. ( 1982) can accommodate errors of upto 25% 
without producing large errors in the fin a l estim ate, because 
of the r  ^ dependency of the in ter-sp in  distance. The equation 
used for the calcu la tion  was:
r ^  = y g ^^2   ^ /  T^^ . ( 1 - 3 0 0 8 ^ 9 )2
where w i s  th e  r e s o n a n t  e . p . r ,  f re q u e n c y  o f  th e  c e n t r e s  and H
2i s  P l a n c k ’s c o n s t a n t  d iv id e d  by 2 tt . Sfo was c a l c u l a t e d  from 
th e  g - v a l u e s  o f  th e  two i n t e r a c t i n g  c e n t r e s .  D a ta  from th e  
o r i e n t e d  m u l t i l a y e r  s t u d i e s  ( c h a p te r  7) was used  to  e s t i m a t e  
g - v a l u e s  f o r  p a r a l l e l  g - t e n s o r s ,  u s in g  g ( c a l c )  = g (m eas )co sO , 
w here  9 i s  th e  a n g le  o f  the  g - t e n s o r  to  th e  membrane no rm al.  
The r a t i o  o f  th e  s p i n  l a t t i c e  r e l a x a t i o n  t im es  o f  th e  slow and 
f a s t  r e l a x i n g  s p e c i e s  (T^^/T^^) i s  r e q u i r e d  to  o b t a i n  d i s t a n c e  
m easu rem ents . T h is  r a t i o  i s  u n l i k e l y  to  be l e s s  t h a n  1 
(T ^^^T ^g) ,  so a low e r  l i m i t  o f  1 was s e t  on t h i s  v a lu e  i . e .  
T.j^ = T^^. F ig .  8 .9  shows th e  v a r i a t i o n  o f  r  w i th  0 f o r  FR1 
p lu s  FR2. Two c u rv e s  a r e  shown w i th  r a t i o s  o f  1 and 10 f o r '  
th e  r e l a x a t i o n  t im e s  o f  th e  two c e n t r e s .  E s t im a te s  o f  r  f o r  
t h e s e  two c e n t r e s  w ere  assumed to  l i e  below th e  to p  c u rv e  a s  
t h i s  was p roduced by e q u a l  r e l a x a t i o n  t im es  f o r  each c e n t r e .
For an  i n i t i a l  e s t i m a t e  th e  a n g u la r  f a c t o r  was a v e ra g e d  
and t h e  d i s t a n c e s  o b ta in e d  from th e  above e q u a t i o n  a s  t h e  
sam ple  i s  o f  a  random ly o r i e n t e d  s o l i d .  For th e  i n t e r a c t i o n  
o f  FR1 w ith  FR2 a maximum d i s t a n c e  between th e  two c e n t r e s  o f
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F ig u r e  8 .9
V a r a t i o n  o f  th e  i n t e r - s p i n  d i s t a n c e  w ith  Q ^ . f o r  FRI + FR2
The i n t e r - s p i n  d i s t a n c e  was c a l c u l a t e d  u s in g  th e
e q u a t i o n  o f  O h n ish i  ^  s i . .  (1 9 8 2 ) .  The to p  c u rv e  was 
c a l c u l a t e d  u s in g  a r a t i o  o f  1 f o r  and t h e  bo ttom  c u rv e
was c a l c u l a t e d  u s in g  a r a t i o  o f  10 f o r  the  same f u n c t i o n .  
L ine  A, i n d i c a t e s  th e  a n g le  a t  which th e  peak o f  change i n  
P I /2  o c c u re d  f o r  FR1 + FR2. L ine B, i n d i c a t e s  t h e  minimum 
d i s t a n c e  f o r  wh ich no d i p o l a r  s p i n - s p i n  s p l i t t i n g  w i l l  be 
o b s e rv e d .
I n t e r - S p in  D is ta n c e  a s  a  Function 
of e ,  FRHFR2
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16Î was found  ( f i g . 8 . 9)» i f  th e  r e l a x a t i o n  t im e s  w e re  assumed 
t o  be e q u a l .  I f  th e  r e l a x a t i o n  o f  FR2 was t a k e n  t o  be 1 0 - f o l d  
t h a t  o f  FR1 th e n  a d i s t a n c e  o f  11% was e s t i m a t e d  be tw een  th e  
c e n t r e s .  îh e  low er  l i m i t  f o r  wh ich no s p i n - s p i n  s p l i t t i n g  i s  
o b s e r v a b l e ,  from d i p o l a r  i n t e r a c t i o n ,  was e s t i m a t e d  a t  12% by 
O h n ish i  a l .  (1 9 8 2 ) .  The e s t i m a t e  o f  th e  i n t e r - s p i n
d i s t a n c e  from th e  l i n e  s p l i t t i n g  o b se rv e d  f o r  t h e  d i t h i o n i t e  
r e d u c e d  membranes was somewhat s m a l l e r  a t  1%, i n d i c a t i n g  t h a t  
t h e r e  i s  a l s o  some c o n t r i b u t i o n  from exchange i n t e r a c t i o n  i n  
t h i s  sy s tem , assum ing th e  e r r o r  i n  t h e  m easu rem ent o f  th e  
l i n e w i d t h s  was n o t  to o  g r e a t .  A low e r  l i m i t  o f  9-10% can  be 
r e a s o n a b ly  s e t  f o r  th e  d i s t a n c e  betw een FR1 and FR2, i f  i t  i s  
assumed t h a t  J  has  a v a lu e  i n  th e  o r d e r  o f  a few c m " \  The 
u p p e r  l i m i t  can be s e t  a t  12%, because  o f  th e  sm a l l  s p l i t t i n g  
o f  th e  gy re so n a n c e  t h a t  was s e e n  a t  low te m p e r a t u r e .
For th e  i n t e r a c t i o n  betw een FR1 and FR3, a v e r a g in g  th e  
a n g u la r  f a c t o r  and s u b s t i t u t i n g  i n  th e  e q u a t io n  gave  a minimum 
o f  12% f o r  th e  i n t e r - s p i n  d i s t a n c e  ( f i g . 6 . 1 0 ) ,  i f  th e
r e l a x a t i o n  t im e s  a r e  assumed to  be s i m i l a r .  I f  FR3 was
assumed to  r e l a x  an  o r d e r  o f  m agnitude  f a s t e r  th a n  FR1 th e n  a
lo w e r  v a lu e  f o r  th e  minimum d i s t a n c e  be tw een  t h e  c e n t r e s  was
o b t a i n e d ,  a t  8%. The v a lu e  f o r  th e  r a t i o  o f  w&s
t y p i c a l l y  found to  be 7 .5 5  a t  6K. T h is  r a t i o  a l lo w e d  r  to  be 
c a l c u l a t e d  a t  a p p ro x im a te ly  9% f o r  th e  d i s t a n c e  be tw een  FR1 
and FR3. T h is  v a lu e  i s  i n  r e a s o n a b le  ag reem ent w i th  t h a t  from
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F ig u r e  8 .1 0
V a r a t i o n  o f  th e  i n  t e r - s  Din d i s t a n c e  w i th  f o r  FRI + FRI
îh e  i n t e r - s p i n  d i s t a n c e ,  r^^» was c a l c u l a t e d  f o r  each 
a n g le  u s in g  th e  e q u a t io n  o f  O h n ish i  ^  a i»  ( 1 9 8 2 ) .  îh e  top
cu rv e  was c a l c u l a t e d  u s in g  a r a t i o  o f  1 f o r  th e
f u n c t i o n  and th e  bottom cu rve  u s in g  a r a t i o  o f  10 f o r  th e  same
f u n c t i o n .  L ine A, i n d i c a t e s  t h e  peak o f  change i n  P I /2  f o r
FR1, from FR1 + FR2, Line B, i n d i c a t e s  t h e  minimum d i s t a n c e  
a t  which no d i p o l a r  s p i n - s p i n  s p l i t t i n g  w i l l  be o b se rv e d .
In te r -S p in  D is tan ce  a s  a  Function 
of 8 . ,  FRUFR3
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th e  o bse rved  l i n e  b ro a d e n in g ,  o f  th e  HiPIP c e n t r e  and c e n t r e  
FR1.
The v a lu e s  o b t a in e d  f o r  th e  e s t i m a t e s  o f  th e  i n t e r - s p i n  
d i s t a n c e s  f o r  th e  two i n t e r a c t i n g  s y s te m s ,  u s in g  th e  a v e ra g e d  
a n g u la r  f a c t o r  can  be t a k e n  a s  a  u s e f u l  gu ide  t o  th e  d i s t a n c e  
be tw een  th e  two i n t e r a c t i n g  s p i n s  o f  each sy s tem . From th e  
d i s t a n c e s  o b ta in e d  f o r  bo th  sy s te m s  i t  would a p p e a r  t h a t  th e  
dom inan t type o f  i n t e r a c t i o n  was d i p o l a r  f o r  bo th  s y s te m s .
8 .2 .5  O r ien te d  M u l t i l a v e r  S t u d i e s
The a s su m p t io n  t h a t  th e  i n t e r a c t i o n s  betweem th e
i r o n - s u l p h u r  c e n t r e s  o f  fu m a r a te  r e d u c t a s e  a r e  l a r g e l y  d i p o l a r  
i n  n a tu r e ,  i s  a m ajo r c r i t e r i o n  f o r  th e  e s t i m a t i o n  o f  th e  
i n t e r - s p i n  d i s t a n c e s  p r e s e n t e d  i n  th e  p re v io u s  s e c t i o n .  I f  
t h e  i n t e r a c t i o n s  a r e  m ain ly  d i p o l a r  i n  n a tu r e ,  th e n  an  a n g u la r  
dependency fo r  th e  i n t e r a c t i o n  o f  FBI w ith  FR2, o r  FR3 s h o u ld  
be o b se rv e d ,  i f  th e  i n t e r a c t i o n s  a r e  s t u d i e d  i n  o r i e n t e d  
m u l t i l a y e r s .  The m u l t i l a y e r s  o b t a in e d  from th e  E. c o l i  
s t r a i n  w ith  a m p l i f i e d  e x p r e s s i o n  o f  th e  enzyme have been  shown 
to  e x i s t  a s  c r y s t a l l i n e  a r r a y s  o f  th e  enzyme ( c h a p t e r  ? ) •
These membrane m u l t i l a y e r s  w ere  used  to  s tudy  th e  i n t e r a c t i o n s  
o f  th e  i r o n - s u l p h u r  c e n t r e s  o f  fu m a ra te  r e d u c t a s e .  The
i n t e r a c t i o n s  w e re  s t u d i e d  by o b s e rv in g  the  changes  i n  th e  
l i n e w i d th  and i n  P I / 2 ,  the  s a t u r a t i o n  p a ram ete r ,  f o r  th e  two
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F ig u r e  8 .11
A ngula r  dependence of  6P 1 /2  f o r  FR1 + FR2
The change i n  P I /2  w ith  a n g le ,  f o r  t h e  f e r r e d o x i n  s ig n a l  
(gx )  from  d i t h i o n i t e  reduced  membrane m u l t i l a y e r s  minus t h a t  
from  s u c c i n a t e  reduced  membranes m u l t i l a y e r s ,  i s  shown p l o t t e d  
v e r s u s  t h e  a n g le  o f  th e  m u l t i l a y e r s  t o  t h e  m ag n e t ic  f i e l d .  
The maximum v a lu e  o f  6P1/2  was t a k e n  t o  i n d i c a t e  th e  a n g le  
be tw een  th e  i n t e r s p i n  v e c to r  and t h e  m a g n e t ic  f i e l d .  The 
maximal i n t e r a c t i o n  w i l l  be o b s e rv e d  when t h e  v e c t o r  i s  
p a r a l l e l  to  th e  m agne tic  f i e l d  (0 = 0; (1 -3cos^© )^  = 4 ) .  The
v a r i a t i o n  o f  th e  s ig n a l  h e ig h t  i s  a l s o  shown. The t e m p e r a tu r e  
was 6K and t h e  e . p . r .  c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  
f i g . 8 . 1 .
Angular Dependence o f API/
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F ig u r e  8 .1 2
AnguXar. dependejice l i n e w i d t h  f o r  FR1 + FR2
The change i n  th e  l i n e w i d th  o f  th e  f e r r e d o x i n  s i g n a l  (gx )  
from  membrane m u l t i l a y e r s  red u c e d  w i th  d i t h i o n i t e ,  i s  shown 
p l o t t e d  a g a i n s t  th e  a n g le  to  th e  membrane norm al. The peak i n  
th e  v a lu e  f o r  t h e  change i n  l i n e w i d th  c o r r e l a t e s  w i th  th e  
maximum 6P1/2  o b se rv e d  from th e s e  membrane m u l t i l a y e r s ,  th e  
l i n e w i d t h  was m easu red  from th e  peak o f  re so n a n c e  to  t h e  
h a l f - h e i g h t  on th e  h ig h  f i e l d  s i d e .  The te m p e r a t u r e  was 6K 
and t h e  e . p . r .  c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r  f i g . 8 . 1 .
Angu la r Dependence o f Linewidth
FR1+FR2
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s y s t e m s .  The a n g u la r  dependency  o f  t h e  change i n  P1/2  ( 6 P 1 / 2 ,  
gx )  and  l i n e w i d th  (g x )  o f  t h e  f e r r e d o x i n  s i g n a l  from 
d i t h i o n i t e  reduced  m u l t i l a y e r s  i s  shown i n  f i g . 8 .11 and 8 .1 2 .  
An a n g u l a r  dependence i s  c l e a r l y  o b s e r v a b l e  f o r  th e  change i n  
P I / 2  and l i n e w i d t h ,  c o n f i rm in g  t h e  d i p o l a r  n a t u r e  o f  t h e  
i n t e r a c t i o n  betw een th e s e  two c e n t r e s .  F i g , 8 .1 3  to  8 .1 5  show 
t h a t  th e  i n t e r a c t i o n  betw een FR1 and FR3 a l s o  shows some 
a n g u l a r  dependency . The a n g u l a r  d e p e n d e n c ie s  o f  th e  two 
i n t e r a c t i n g  sy s tem s  d id  n o t  show any ^ m a g ic -a n g le ’ p r o p e r t i e s ,  
i n  t h a t  th e  l i n e  b ro a d e n in g  and change  i n  P I /2  d id  n o t  r e a c h  
z e r o  a t  any a n g le .  T h is  may i n d i c a t e  th e  c o n t r i b u t i o n  o f  
ex ch an g e  i n t e r a c t i o n  t o  th e  two s y s te m s ,  a s  t h i s  ty p e  o f
i n t e r a c t i o n  does n o t  show any a n g u la r  dependence  (Coffman &
B u e t t n e r  197 9 ) .  T his  may, how eve r ,  r e f l e c t  th e  n a tu r e  o f  th e
o r i e n t e d  m u l t i l a y e r s  and a r i s e  from  th e  n o n - o r i e n te d  r e g i o n s
o f  th e  m u l t i l a y e r  sy s tem .
The a n g le  o f  th e  maximum change o f  bo th  P I /2  and 
l i n e w i d t h  c o r r e l a t e d  w e l l  i n  bo th  c a s e s .  A r e a s o n a b l e  
c o r r e l a t i o n  was o b se rv e d  f o r  s i g n a l  a m p l i tu d e  o f  gx o f  FR1 
p l u s  FR2 ( c h a p t e r  7 & f i g . 8 . 1 1 ) ,  which had a maximum a t  
a p p ro x im a te  40^ to  20° to  t h e  membrane no rm al. This i n d i c a t e s  
t h a t  a t  l e a s t  p a r t  o f  th e  s i g n a l  h e i g h t  obse rved  i n  t h e  
d i t h i o n i t e  rd u ced  membranes, a r i s e s  from  th e  r e l i e f  o f  
s a t u r a t i o n  o f  FR1, by i n t e r a c t i o n  w i t h  FR2. These maxima can  
be t a k e n  a s  i n d i c a t i n g  th e  a n g le  be tw een  t h e  i n t e r - s p i n  v e c t o r  
and t h e  m agne tic  f i e l d .  The d i p o l a r  i n t e r a c t i o n s  a r e  maximum
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A ngula r  .dependenoe o f  6P1/2  fo r  FRI + FR3
The change i n  P I /2  (gx)  w ith  a n g le  f o r  th e  f e r r e d o x i n  
s i g n a l  from p a r t i a l l y  reduced  o r i e n t e d  membrane m u l t i l a y e r s ,  
i s  shown p l o t t e d  v e r s u s  th e  a n g le  o f  th e  m ag n e t ic  f i e l d  to  th e  
membrane n o rm a l . E . p . r ,  c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r  
f i g . 8 .1  and th e  te m p e ra tu re  was 6K.
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Flguer 8.14
The. ajQjgiaar...dependence o f  FRI_lljaewidth-J!Q r_ Ffi1 + FR^
The change i n  l i n e w i d t h  (g x )  o f  th e  f e r r e d o x i n  s i g n a l  
from p a r t i a l l y  reduced  membrane m u l t i l a y e r s  i s  shown p l o t t e d  
a g a i n s t  th e  a n g le  o f  th e  m a g n e t ic  f i e l d  t o  th e  membrane 
n o rm a l. E . p . r .  c o n d i t i o n s  w e re  a s  d e s c r i b e d  f o r  f i g . 8 .1  and 
th e  t e m p e r a tu r e  was 6K.
Angu la r  Dependence of Linewidth of FR1, 
FR1 + FR3
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F ig u r e  8 .1 5
Angula r  dependence  o f  FRl l i n e w i d t h
The l i n e w i d t h  o f  t h e  g = 2 .01 r e s o n a n c e  o f  FR3, from 
p a r t i a l l y  r educ e d  membrane m u l t i l a y e r s ,  i s  shown p l o t t e d  
v e r s u s  t h e  a n g l e  o f  t h e  m ag n e t i c  f i e l d  t o  t h e  membrane 
normal .  E . p . r .  c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g . 8.1 and 
t h e  t e m p e r a t u r e  was 5K.
Angular  Dependence of FR3 B roaden ing
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F i g u r e  8 .16  
V a r i a t i o n  o f  the  a n g u l a r  f u n c t i o n
2 2The v a r i a t i o n  o f  t h e  a n g u l a r  f u n c t i o n  ( 1 - 3 c o s  0)  , i s
shown. The v a lu e  o f  t h e  f u n c t i o n  v a r i e s  f rom M to  0 and t h i s  
w i l l  be r e f l e c t e d  i n  t h e  s t r e n g t h  o f  the  d i p o l a r  i n t e r a c t i o n
a t  each  a n g le  and a l s o  t h e  c a l c u l a t i o n  o f  t h e  i n t e r - s p i n
d i s t a n c e ,  from th e  e q u a t i o n  o f  O h n l s h i ^  a l ,  ( 1982) .  When 
t h e  a n g u l a r  f u n c t i o n  i s  z e r o ,  t h e  a n g le  i s  s a i d  t o  be ^ m a g i c ' , 
a s  t h e  d i p o l a r  i n t e r a c t i o n  d i s a p p e a r s  a t  t h i s  a n g l e
(9 = 5 4 . 7 3 5 ° ) .
V ar ia tion of Angular Function
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when ( 1 -3 o o 8 ^ e )^  = 4,  ( 9 = 0 ,  f i g . 8 . 1 6 ) ,  which i s  when t h e
m a g n e t i c  f i e l d  l i e s  p a r a l l e l  t o  t h e  i n t e r - s p i n  v e c t o r .  Thus 
i f  t h e s e  a n g l e s  a r e  s u b s t i t u t e d  i n  t h e  e q u a t i o n  o f  O h n i s h i  ^  
a l . ( 1982) a  r e a s o n a b l e  e s t i m a t e  f o r  t h e  i n t e r - s p i n  d i s t a n c e
f o r  each sys tem sho u ld  be o b t a i n e d .  Ih e  a n g l e  o f  maximal 
6 P I / 2  was used  a s  t h i s  was c o n s i d e r e d  t o  be more a c c u r a t e ,  
due to  p o s s i b l e  e r r o r s  i n  measu rement o f  the  l i n e w i d t h .  An 
a n g l e  o f  45^ ,  o b t a i n e d  f rom the  d i t h i o n i t e  r educ e d  
m u l t i l a y e r s ,  gave  an  e s t i m a t e  o f  a p p r o x i m a t e ly  16? as  an  uppe r  
l i m i t  o f  t h e  i n t e r - s p i n  d i s t a n c e  f o r  FR1 and FR2, i f  t h e  
r e l a x a t i o n  t im e s  we re  assumed to  be s i m i l a r .  An e s t i m a t e  o f  
a p p r o x i m a t e l y  10% was o b t a i n e d  i f  FR2 was assumed t o  r e l a x  
1 0 - f o l d  f a s t e r  t h a n  FR1. For t h e  i n t e r a c t i o n  be tw een  FR1 and 
FR3 an  a n g le  o f  65°  was used f o r  t h e  c a l c u l a t i o n ,  which s e t  an 
uppe r  l i m i t  o f  12% and a va lu e  o f  a p p r o x i m a t e ly  8^ i f  FR3 was 
assumed to  r e l a x  10 - fo ld  f a s t e r  t h a n  FR1. I f  the  v a lu e  o f
T ^ ^ / T i f  o f  7 .5 5  was used t h e n  an  i n t e r - s p i n  d i s t a n c e  o f
a p p r o x i m a t e l y  98 was c a l c u l a t e d  f o r  the  i n t e r a c t i o n  be tween  
FR1 and FR3. Ih e  a n g u la r  dependence  o f  t h e  two e . p . r .
p r o p e r t i e s  o f  t h e  i n t e r a c t i n g  s p i n  sy s te m s  c o n f i r m s  t h a t  the  
i n t e r a c t i o n s  a r e  l a r g e l y  d i p o l a r  i n  n a t u r e  and t h a t  t h i s  
a s s u m p t io n  was v a l i d  f o r  the  e s t i m a t i o n  o f  t h e  d i s t a n c e s  
be tw een  t h e  i n t e r a c i n g  s p i n s .  The d i s t a n c e s  e s t i m a t e d  by t h e  
above methods a l l  show t h a t  t h e  i r o n - s u l p h u r  c e n t r e s  o f  
f u m a r a t e  r e d u c t a s e  a r e  a l l  l o c a t e d  i n  such a  manner t h a t
a l l o w s  the  i n t e r a c t i o n  and p r esum ably  e l e c t r o n  t r a n s f e r  
be tween  the  c e n t r e s .
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A consequence  of  the  c r y s t a l  membrane s t r u c t u r e ,  o b t a i n e d  
on  p ro d u c in g  o r i e n t e d  m u l t i l a y e r s  f rom th e  a m p l i f i e d  s t r a i n  o f  
£ •  c o l i . was t h a t  t h e  o r i e n t a t i o n  o f  t h e  i n t e r - s p i n  v e c t o r  
cou ld  be more a c c u r a t e l y  d e s c r i b e d .  By d e f i n i t i o n  two a n g l e s  
a r e  r e q u i r e d  t o  d e s c r i b e  the p o s i t i o n  o f  t h e  v e c t o r ,  r e l a t i v e  
t o  t h e  gz and gy o f  the  s lowe r  r e l a x i n g  s p e c i e s .  E s t i m a t e s  o f  
t h e s e  a n g l e s  can be o b t a i n e d  by t h e  s tu d y  o f  t h e  d i f f e r e n t  
g - t e n s o r s  o f  t h e  i n t e r a c t i n g  s p i n s .  A d i f f e r e n t  a n g u l a r  
dependence  o f  5 P I / 2  was obse rved  when t h e  s a t u r a t i o n  f u n c t i o n  
was d e te r m in e d  u s in g  gz ( f i g . 8 .17  4 8 . 1 8 ) .  Aga in  good
c o r r e l a t i o n  w i t h  the s i g n a l  h e i g h t  o b s e rv e d  from d i t h i o n i t e  
r e d u c e d  membrane m u l t i l a y e r s  was s e e n .  The a n g l e s  o b t a i n e d  
f rom t h e s e  d e p e n d e n c ie s  we re  used  a s  t h e  a n g l e  o f  t h e  
i n t e r s p i n  v e c t o r  to  the  gz o f  s p i n  1 (0^ ,  f i g .  8 . 1 9 ) .  The 
a n g l e s  o f  r  t o  gx o f  s p i n  1 (i5) we re  o b t a i n e d  f rom the  a n g u l a r  
dependency  o f  t h e  gx f u n c t i o n s .  F i g . 8 .2  4 8.7 compa re  the  
e . p . r .  s p e c t r a  o f  d i t h i o n i t e  r e d u c e d  membranes and membranes 
p o i s e d  a t  -70mV, to  computer  s i m u l a t i o n s  o b t a i n e d  u s i n g  the  
a n g l e s  o b t a i n e d  from the  <5P I /2  p l o t s .  The c i r c l e s  r e p r e s e n t  
t h e  t h e o r e t i c a l  p o i n t s  o b t a i n e d  f rom the  s i m u l a t i o n s ,  u s i n g  
t h e  p a r a m e t e r s  shown i n  the  f i g u r e  l e g e n d s .  I t  i s  s e e n  t h a t  
good f i t s  o f  t h e  s i m u l a t i o n s  to  t h e  e x p e r i m e n t a l  s p e c t r a  were 
o b t a i n e d .  The v a l u e s  o f  D we re  o b t a i n e d  f rom t h e  f o l l o w i n g  
e q u a t i o n :
D = u /  r3  = 8 ( 8  + 1 ) g 3 /  r^
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A ngula r  dependency of  6 P I / 2  (gz)  o f  FR1 + FR2
The a n g u l a r  dependence o f  S P I / 2  o b t a i n e d  f rom t h e  gz 
r e s o n a n c e  o f  t h e  f e r r e d o x i n  s i g n a l  f rom d i t h i o n i t e  r ed u c e d  
o r i e n t e d  m u l t i l a y e r s ,  i s  shown p l o t t e d  a g a i n s t  t h e  a n g l e  
be tw een  t h e  membrane normal and t h e  magnetic f i e l d .  The peak 
o f  6 P I / 2  o c c u r s  a t  a d i f f e r e n t  a n g l e  to  t h a t  o b t a i n e d  f rom 
t h e  gy r e s o n a n c e .  The v a r i a t i o n  o f  s i g n a l  h e i g h t  i s  a l s o  
shown, E . p . r .  c o n d i t i o n s  we re  a s  d e s c r i b e d  f o r  f i g .  8,1 and 
t h e  t e m p e r a t u r e  was 6K.
Angu la r  Dependence of 6P1/ 
Gz. FR1: FR1+FR2
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F i g u r e  8 .1 8
Angula r  depen<3ence_gf & f1 /2  ( g z l  o f  FRI + FR^
The a n g u l a r  dependence o f  P I / 2 ,  o b t a i n e d  f rom th e  gz 
r e s o n a n c e  o f  FR1, i s  shown p l o t t e d  v e r s u s  t h e  a n g l e  o f  t h e  
normal o f  t h e  membrane m u l t i l a y e r  t o  t h e  m a g n e t i c  f i e l d .  Ihe  
peak o f  S P I / 2  o c c u r s  a t  a  d i f f e r e n t  a n g l e  t o  t h a t  o b t a i n e d  
f rom t h e  gx r e s o n a n c e .  E . p . r .  c o n d i t i o n s  we re  a s  d e s c r i b e d  
f o r  f i g . 8.1 and t h e  t e m p e r a t u r e  was 5K,
Angu la r  Dependence of API/ 
Gz FRUFR3
20
15
CM
OL<3
10
5
0
906030060 3090
Angle to Membrane Normal
262
F igu re  8 .1 9
Model f o r  the  i n t e r a c t i o n  o f  two rhombic s p i n s
The i n t e r a c t i o n  be tw een  t h e  two s p i n s  (SI and S2) i s  
shown w i th  the  a n g l e s  r e q u i r e d  t o  d e s c r i b e  t h e  s p a t i a l  
o r i e n t a t i o n  o f  t h e  s p i n s  r e l a t i v e  to  each o t h e r .  The 
o r i e n t a t i o n  o f  t h e  m ag n e t i c  f i e l d  i s  g i v e n  by t h e  a n g l e s  Q and 
d; t h e  o r i e n t a i o n  o f  t h e  i n t e r - s p i n  v e c t o r  r ^ ^ ,  be tw een  t h e  
two s p i n s  i s  g i v e n  by 0 ^ and
Model f o r  t h e  O r ie n ta t io n  o f  Two
I n fe r a c t in q  S pins
spin 2
spin 1
V
X.1
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Fo r  FRI p l u s  FR2 the  v a lu e  o f  D was a l l o w e d  t o  va ry  from 2
( r  = 168 ) t o  12 ( r  = 98) .  Ihe  b e s t  f i t  o f  t h e  s i m u l a t i o n s  t o
t h e  e x p e r i m e n t a l  spect rum was o b t a i n e d  when D was
a p p r o x i m a t e l y  8 , which s e t  r  a t  1 0 . 5 8 . S i m i l a r l y  f o r  t h e  
i n t e r a c t i o n  be tw een  FR1 and FR3, t h e  spec t rum  cou ld  be b e s t  
f i t  by t h e  s i m u l a t i o n  i f  D had a v a l u e  o f  7 . 5 ,  which s e t s  r  a t  
a p p r o x i m a t e l y  8 . 5 8 . The s i m u l a t i o n s  t hus  confi rmed t h a t  the  
e s t i m a t e s  o b t a i n e d  from the  o r i e n t e d  m u l t i l a y e r  s t u d i e s  we re  
r e a s o n a b l e  and t h a t  i t  was r e a s o n a b l e  t o  assume t h a t  t h e  
i n t e r a c t i o n s  w e r e  l a r g e l y  d i p o l a r .
A p i c t u r e  o f  the  o v e r a l l  geomet ry  o f  t h e  i r o n - s u l p h u r
c e n t r e s  i s  p r e s e n t e d  i n  f i g . 8 . 2 0 , showing t h e  d i s t a n c e s  and 
a n g l e s  e s t i m a t e d  f rom t h i s  p r e s e n t  s t u d y .  Ihe  o r i e n t a t i o n s  o f  
t h e  i r o n - s u l p h u r  c e n t r e s  t h e m s e lv e s  i s  no t  shown f o r  c l a r i t y .
8 .3  C o n c l u s i o n s
Two i n t e r a c t i n g  s p i n  sys tem s  have been d e m o n s t a r t ed  
b e tw e en  t h e  i r o n - s u l p h u r  c l u s t e r s  o f  t h e  Jg. c o l i  fum a r a t e  
r e d u c t a s e .  C e n t r e  FBI has  been  shown t o  i n t e r a c t  w i th  both 
c e n t r e  FR2 and FR3 (H iP IP ) ,  These i n t e r a c t i o n s  we re  obse rved  
by t h e  changes  they  induced  i n  t h e  e . p . r .  p r o p e r t i e s  o f  t h e  
c e n t r e s .  The i n t e r a c t i o n s  we re  shown t o  be l a r g e l y  d i p o l a r  i n  
bo th  c a s e s  a s  an  a n g u la r  dependency o f  t h e  change i n  e . p . r .  
p r o p e r t i e s  o f  t h e  c e n t r e s  was o b s e r v e d ,  and a l l o w e d  t h e
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Hûdel f o r  t h e  I n t e r a c t i o n  o f  t h e  i r o n - a u l p h u r  c e n t r e s  o f
f u m a r a t e  r e d u c t a s e
A s k e t c h  o f  t h e  s p a t i a l  r e l a t i o n s h i p s  o f  t h e  i r o n - s u l p h u r  
c l u s t e r s  o f  f u m a r a t e  r e d u c t a s e  i s  shown. The a n g l e s  o f  the  
i n t e r - s p i n  v e c t o r s  t o  t h e  g - t e n s o r s  o f  FR1 a r e  t h o se  o b t a i n e d  
f rom t h e  o r i e n t e d  m u l t i l a y e r  s t u d i e s .  The d i s t a n c e  e s t i m a t e s  
a r e  t h e  l i m i t s  s e t  by v a l u e s  o f  1 and 10 f o r  t h e  uppe r
and low e r  l i m i t s  r e s p e c t i v e l y .  The g - t e n s o r s  o f  t h e  c e n t r e s  
a r e  no t  shown i n  t h e i r  o r i e n t a t i o n s ,  to  c l a r i f y  the  
o r i e n t a t i o n  o f  t h e  i n t e r - s p i n  v e c t o r s .
Model fo r  the  O rientation of the  
Iron -S u lp hu r  C en tres  of Fum a ra te  R eductase
Membrane 4  
Normal
FR2
FR1
FR3
\ i
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e s t i m a t i o n  o f  t h e  i n t e r - s p i n  d i s t a n c e s  f o r  bo th  sy s te m s  , f rom 
t h e s e  obse rved  c h a n g es .
The o b s e rv e d  e f f e c t s  o f  t h e  i n t e r a c t i o n s  we r e  
l i n e b r o a d e n i n g  o f  t h e  e . p . r .  s p e c t r a ,  r e l i e f  f rom power 
s a t u r a t i o n  and t h e  o b s e r v a t i o n  o f  h a l f - f i e l d  s i g n a l s .  The 
l a t t e r  phenomenon i n  p a r t i c u l a r  i n d i c a t e s  t h e  p r e s e n c e  o f  
i n t e r a c t i n g  s p e c i e s ,  and adds f u r t h e r  e v i d e n c e  f o r  t h e  
e x i s t e n c e  o f  t h e  second b i n u c l e a r  f e r e d o x i n  c e n t r e  i n  t h i s  
enzyme, A d i s t a n c e  o f  a p p ro x i m a t e ly  loS was e s t i m a t e d  between  
t h e  two f e r r e d o x i n  c e n t r e s ,  by t h e  method o f  O hn i s h i  jêJl a l .  » 
i n d i c a t i n g  t h a t  t h e  c e n t r e s  were  c l o s e  enough f o r  e l e c t r o n  
t r a n s f e r  to  o c c u r  be tween  them. The e x i s t e n c e  o f  on ly  a v e r y  
sm a l l  d e g r e e  o f  s p l i t t i n g  o f  the  e . p . r .  spec t rum  i n d i c a t e s  
t h a t  t h e  two c e n t r e s  a r e  o r i e n t e d  c l o s e  to  t h e  m a g i c - a n g l e  and 
t h i s  was conf i rm ed by th e  a n g l e s  measured from the  o r i e n t e d  
m u l t i l a y e r  s t u d i e s .  The s m a l l  d e g r e e  o f  s p l i t t i n g  a l s o  
i n d i c a t e s  t h a t  t h e  c o n t r i b u t i o n  o f  exchange i n t e r a c t i o n  t o  t h e  
sys tem  i s  s m a l l  a s  would be e x p e c t e d  from t h e  d i s t a n c e  
e s t i m a t e .
The i n t e r a c t i o n  be tween  t h e  HiPIP c e n t r e  and FR1 was 
shown t o  be l a r g e l y  d i p o l a r  i n  n a t u r e  a l s o ,  and an  e s t i m a t e  of  
t h e  i n t e r - s p i n  d i s t a n c e  o f  98 was o b t a i n e d .  î h i s  a l s o  
d e m o n s t r a t e d  t h e  e x i s t e n c e  o f  p o s s i b l e  e l e c t r o n  f low from FR3 
t o  FR1. The measu rement o f  the  i n t e r a c t i o n  be tween  t h e s e  two 
c e n t r e s  was performed i n  samples  t h a t  only c o n ta i n e d  p a r t  o f
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the centres In a paramagnetic s ta te . I.e .  not a l l  of the 
population of each centre in  the sample was paramagnetic. 
Thus the in teraction between these two centres must be fa ir ly  
strong and the value of the in ter-sp in  distance can only be 
taken as an estimate.
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9.1 The p r o s t h e t i c  g roups o f  fu m a ra te  r e d u c t a s e
The number and type  o f  i r o n - s u l p h u r  c l u s t e r s  i n  
s u c c i n a t e - f u m a r a t e  o x i d o - r e d u c t a s e s  f rom o t h e r  s o u r c e s  have 
been t h e  s u b j e c t  o f  c o n t r o v e r s y  ( A l b r a c h t  1980, S e i n e r t  & 
A l b r a c h t  1982) ,  The e . p . r .  d e t e c t a b i l i t y  o f  the  c l u s t e r  
pa ra m a g n e t i c  i n  t h e  o x i d i s e d  s t a t e ,  and t h e  second ' b i n u c l e a r '  
f e r r e d o x i n  c l u s t e r  i s  dependen t  upon t h e  enzyme p r e p a r a t i o n .  
The r e s u l t s  p r e s e n t e d  i n  t h i s  t h e s i s ,  to  c h a r a c t e r i s e  and 
q u a n t i t a t e  t h e  i r o n - s u l p h u r  c l u s t e r s  f rom t h e  E. c o l i  
f u m a r a t e  r e d u c t a s e ,  were l a r g e l y  pe rfo rmed on th e  membrane 
bound enzyme to  minimise  the  l o s s  o f  e . p . r .  d e t e c t a b l e  
c e n t r e s  or  the  i n t r o d u c t i o n  o f  a r t e f a c t s  by p r e p a r a t i v e  
p r o c e d u r e s .  A c e n t r e  d e t e c t a b l e  i n  o x i d i s e d  membranes w i t h  a 
m i d - p o i n t  p o t e n t i a l  (pH 7) o f  a p p r o x i m a t e ly  -30mV was shown to  
be p r e s e n t  a t  a p p ro x i m a t e ly  the  same c o n c e n t r a t i o n  as  the  
c o v a l e n t l y  bound f l a v i n .  This  c e n t r e  (FR3) was s i m i l a r  to
t h a t  from s u c c i n a t e  dehyd rogenase  ( c h a p t e r  4 ) ,  though i t  i s  
d e t e c t a b l e  ove r  a w i de r  t e m p e r a t u r e  r a n g e .  This  c e n t r e  may be 
' t r i n u c l e a r ’ i n  n a t u r e ,  because  o f  i t s  s i m i l a r i t y  t o  S3 o f
s u c c i n a t e  de hyd roge na se ,  which may be o f  t h i s  type  ( Jonnson  e l  
a l . 1985) .  The d i f f e r e n c e  i n  t h e  e . p . r .  p r o p e r t i e s  and
r e l a x a t i o n  r a t e s  may be due to  t h e  d i f f e r e n t  en v i ro n m en t s  o f  
the  two c e n t r e s ,  a s  i t  has been p roposed  t h a t  the  r e l a x a t i o n
mechanisms o f  b i n u c l e a r  and t e t r a n u c l e a r  c l u s t e r s  a r e
s e n s i t i v e  to  t h e s e  changes ( B e r t r a n d  & Gayda 1979,  Gayda j£t
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a l .  1976,  S a l e r n o  f i t  â l*  1977a, Blum i l  a l .  1979) .
The e . p . r .  s i g n a i s  p roduced upon r e d u c t i o n  by s u c c i n a t e ,  
o r  t h e  p o i s i n g  o f  membranes a t  a p p r o x i m a t e l y  -200mV, i n d i c a t e d  
t h e  p r e s e n c e  o f  a ’ b i n u c l e a r ’ f e r r e d o x i n  c e n t r e ,  a s  d e s c r i b e d  
f o r  s u c c i n a t e  dehyd rogenase  (O hn i sh i  ^  a l .  1976) ,  This  
c e n t r e  had a m i d - p o i n t  p o t e n t i a l  (pH 7)  o f  a p p r o x i m a t e l y  -50mV 
and was p r e s e n t  a t  the  same c o n c e n t r a t i o n  a s  t h e  c o v a l e n t l y  
bound f l a v i n .  The p r e s e n c e  o f  a second  ’ b i n u c l e a r ’ f e r r e d o x i n  
c e n t r e  was shown upon r e d u c t i o n  by d i t h i o n i t e  and a t  low redox 
p o t e n t i a l s ,  by the  i n c r e a s e d  s i g n a l  i n t e n s i t y  of  the 
f e r r e d o x i n  s i g n a l  unde r  non s a t u r a t i n g  c o n d i t i o n s .  This 
c e n t r e  was a l s o  measured a t  a 1 : 1 r a t i o  t o  t h e  c o v a l e n t l y  
bound f l a v i n ,  unde r  s p e c i f i c  e . p . r .  c o n d i t i o n s ,  and had a 
m i d - p o i n t  p o t e n t i a l  (pH 7) o f  a p p r o x i m a t e l y  -280mV. The s tudy  
o f  t h i s  second c e n t r e  was c o m p l i c a t e d  by t h e  p r e s e n c e  of  FR1 
and i n t e r a c t i o n  w i t h  t h a t  c e n t r e .
The r e l a x a t i o n  t ime of  the  i r o n - s u l p h u r  c e n t r e s  was 
c h a r a c t e r i s e d  by the  t e m p e r a t u r e  dependence  o f  t h e i r  e . p . r .  
p r o p e r t i e s .  The s u c c i n a t e  r e d u c i b l e  f e r r e d o x i n  c e n t r e  was 
shown t o  be s i m i l a r  to  t h a t  r e p o r t e d  f o r  o t h e r  i r o n - s u l p h u r  
c l u s t e r s ,  and e x h i b i t e d  w e l l  c h a r a c t e r i s e d  r e l a x a t i o n  
p r o c e s s e s ,  though i t s  r e l a x a t i o n  was somewhat f a s t e r  t han  SI 
from s u c c i n a t e  dehyd rogenase  ( c h a p t e r  5 ) .  Because the 
f u m a r a t e  r e d u c t a s e  was membrane bound, t h i s  may a l low the 
f a s t e r  r e l a x a t i o n  o f  the  i r o n - s u l p h u r  c l u s t e r s  by d i s s i p a t i o n  
o f  t h e i r  ene rgy  v i a  the v i b r a t i o n a l  ene rgy o f  the  p r o t e i n
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m o le c u le  to  the  membrane. The r e l a x a t i o n  o f  t h e  f e r r e d o x i n  
s i g n a l  was s e e n  to  be enhanced  upon r e d u c t i o n  o f  t h e  second 
f e r r e d o x i n  c e n t r e .  The e . p . r .  s i g n a l  behaved a s  a 
homogeneous s p e c i e s ,  wi th  f a s t e r  r e l a x a t i o n  t h a n  f o r  FR1 
a l o n e .  The i r o n - s u l p h u r  c l u s t e r  p a ra m a g n e t i c  i n  the  o x i d i s e d  
s t a t e  was shown to  be r a p i d l y  r e l a x i n g .  Enhancement  of  i t s  
and F R I ' s  r e l a x a t i o n  was o b s e rv e d  i n  samples  c o n t a i n i n g  bo th  
c e n t r e s  i n  a pa r a m ag n e t i c  s t a t e .
A b road  e . p . r .  spe c t rum  was a l s o  obse rved  from d i t h i o n i t e
r e d u c e d  membranes and membrane po i s e d  a t  low r edox
p o t e n t i a l s .  This  c e n t r e  was p r e s e n t  a t  a p p r o x i m a t e ly  1 /1 0 th
o f  t h e  c o n c e n t r a t i o n  o f  t h e  o t h e r  i r o n - s u l p h u r  c e n t r e s .  I t
was s u g g e s t e d  t h a t  t h i s  c e n t r e  may be th e  p r o d u c t  o f  c l u s t e r
c o n v e r s i o n  from the ’ t r i n u c l e a r ’ c l u s t e r  (FR3), as  t h i s  type
o f  c o n v e r s i o n  has  been shown to  occu r  e a s i l y  upon r e d u c t i o n  by
d i t h i o n i t e  (Emptage e ^  a l .  1980, Thomson e t  a l .  1981) .  This
c e n t r e  has  been s u g g e s t e d  t o  be FR2, bu t  i t s  low d e t e c t a b l e
s p i n  c o n c e n t r a t i o n  a p p e a r s  t o  e x c lu d e  t h i s .  However, an E m^7
o f  -2b0mV was obse rved  f o r  t h i s  c e n t r e .
The f l a v i n  moie ty  o f  f u m a r a t e  r e d u c t a s e  was shown to  
behave i n  a s i m i l a r  manner to  t h a t  from s u c c i n a t e  
d e h y d ro g e n a s e ,  though a d i f f e r e n t  m i d - p o i n t  p o t e n t i a l  (pH 7 ,  
n = 2) a t  -12mV was found f o r  t h e  f u m a r a t e  r e d u c t a s e  f l a v i n .  
The pK v a l u e  o f  the  p r o t o n a t i o n  s t e p  f o r  t h e  f u l l y  r educed  
f l a v i n  was d e te r m in e d ,  but  t h a t  f o r  t h e  semicu inone  cou ld  no t  
be d e t e r m i n e d  i n  t h e  pH range  s t u d i e d .  The f l a v i n  semiquinone
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was p r e s e n t  a s  t h e  p r o t o n a t e d  ( n e u t r a l )  form i n  t h e  pH range  
s t u d i e d  (6 to  9 ) .  The f l a v i n  semiquinone  was shown t o  be 
r e a s o n a b l y  s t a b l e  and t h u s  c a p a b le  o f  a c t i n g  a s  a c o n v e r t e r  
f rom 1 - e l e c t r o n  t o  2 - e l e c t r o n  t r a n s f e r  s t e p s .
The r e v e r s a l  o f  e l e c t r o n  f low i n  fum a r a t e  r e d u c t a s e ,  a s  
compa red t o  s u c c i n a t e  de hyd roge na se ,  can be a c c o u n te d  f o r  by 
t h e  redox  c h e m i s t r y  o f  i t s  p r o s t h e t i c  g roups .  E l e c t r o n s  a r e  
p resum ably  d o n a te d  to  c e n t r e  FR3 (E^^,  -30mV) f rom menaquinone 
(Eg^ (n = 2 ) ,  -74mV), by ana logy  with s u c c i n a t e  dehyd rogenase
where  e l e c t r o n s  a r e  passed  t o  ub iqu inone  from c e n t r e  S3. The 
e l e c t r o n s  a r e  t h e n  passed  t o  c e n t r e  FR1 (E^^,  -50mV), the
f l a v i n  moie ty  (E^^ (n = 2 ) ,  -12mV) t h e n  r e c e i v e s  the  e l e c t r o n s  
from c e n t r e  FR1 and p o s s i b l y  c e n t r e  FR2, which a r e  t h e n  pa ssed  
t o  f u m a r a t e  (E^^ s u c c i n a t e - f u m a r a t e  c o u p le ,  30mV). The 
p o s s i b i l i t y  o f  t h e  e l e c t r o n  t r a n s f e r  s t e p s  h a s  been shown by 
t h e  i n t e r a c t i o n s  be tween  the  c e n t r e s  and t h e i r  s p a t i a l  
r e l a t i o n s h i p s  ( c h a p t e r  8 ) .  The r o l e  of  FR2, a s  t h a t  o f  S2 
f rom s u c c i n a t e  d e h y d ro g e n a s e ,  i s  s t i l l  u n c e r t a i n ,  as  i t s  
measu red m i d - p o i n t  p o t e n t i a l  was -280mV, However as  t h i s  was 
measu red i n  t h e  p r e s e n c e  o f  pa ram agne t ic  FR1, i t  may no t  be 
t h e  t r u e  E^^ o f  FR2, bu t  may r e f l e c t  i n t e r a c t i o n  w i th  FR1 and 
t h u s  t h e  g r e a t e r  d i f f i c u l t y  i n  r ed u c in g  t h i s  c e n t r e  ( c h a p t e r  
8 ) .  The p o s s i b i l i t y  o f  FR2 r e c e i v i n g  e l e c t r o n s  from F3 ca n n o t  
be e xc luded  ( e i t h e r  d i r e c t l y  o f  v i a  FRIJ;  a l s o  t h e  f l a v i n  may 
i n t e r a c t  w i th  t h i s  i r o n - s u l p h u r  c e n t r e .
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9 . 2  Membrane l o c a t i o n  o f  t h e  c a t a l y t i o  s i t e  and, t h e  p r o s t h e t i c  
g r o u p s
The c o l i  r e s p i r a t o r y  fu m a r a t e  r e d u c t a s e  has  been
s t u d i e d  i n  i t s  membrane bound fo rm, u s i n g  a s t r a i n  o f  £ .  c o l i  
t h a t  had a m p l i f i e d  e x p r e s s i o n  o f  the  enzyme (JRG1031),  as  w e l l  
a s  a  w i l d - t y p e  s t r a i n  (EMG2). The l o c a t i o n  o f  the  f u m a r a t e  
r e d u c t a s e  on t h e  c e l l  membranes i s  o f  pr ime im po r t ance  i n  
c o n s i d e r i n g  t h e  e n e r g e t i c s  o f  r e s p i r a t i o n  t h a t  u t i l i s e s  
f u m a r a t e  a s  the  t e r m i n a l  e l e c t r o n  a c c e p t o r ,  as  t h e  
s t o i c h i o m e t r y  o f  p r o t o n  t r a n s l o c a t i o n  w i l l  be dependen t  upon 
i t s  l o c a t i o n .  The w e igh t  o f  e x p e r i m e n t a l  ev id e n c e  has  p lac e d  
majo r  c a t a l y t i c  s u b u n i t s  o f  f u m a r a t e  r e d u c t a s e  on t h e  
c y t o p l a s m i c  a s p e c t  of  the c e l l  membrane (Van d e r  P l a a s  £_t a l . 
1983 , Lemire e t  a l .  1983) .  However the  l o c a t i o n  o f  the s i t e  
o f  r e d u c t i o n  need no t  have  been  c y to p l a s m i c .  That  the  
c a t a l y t i c  s i t e  was indeed  c y t o p l a s m i c  i n  l o c a t i o n  was shown by 
th e  r e q u i r e m e n t  f o r  the  up t ak e  o f  fum a r a t e  i n t o  whole c e l l s  
b e f o r e  i t s  r e d u c t i o n .  The r e q u i r e m e n t  f o r  the  t r a n s p o r t a t i o n  
o f  f u m a r a t e  i n t o  t h e  c e l l s  was shown by the  removal o f ,  or  
i n t e r f e r e n c e  w i t h ,  the  up take  c a u s i n g  l o s s  o f ,  or reduced  
r a t e s  o f ,  fum a r a t e  r e d u c t i o n  i n  whole  c e l l s  ( c h a p t e r  3 ) .
The l o c a t i o n  o f  the  c a t a l y t i c  p o r t i o n  o f  fum a r a t e  
r e d u c t a s e  on the  c y to p l a s m i c  a s p e c t  o f  the  c e l l  membrane was 
shown by Lemire s i  â l*  ( 1983)* The l o c a t i o n  o f  the  
p r o s t h e t i c  g roups  o f  fu m a r a t e  r e d u c t a s e ,  namely the f l a v i n  
m oie ty  and th e  i r o n - s u l p h u r  c e n t r e s ,  was thus  im p l ie d  to  be
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c y t o p l a s m i c  a l s o .  The q u e s t i o n  s t i l l  a r o s e  as  t o  w he the r  or  
n o t  t h e s e  p r o s t h e t i c  g ro u p s  we re  l o c a t e d  c l o s e  to  t h e  membrane 
s u r f a c e .  The f l a v i n  moie ty  can be assumed t o  be l o c a t e d  t h u s ,  
because  i t  h a s - b e e n  shown to  be bound t o  t h e  69 K d a l to n  
s u b u n i t  (D ick ie  & Weine r  197 9 ) ,  wn ich was shown t o  be membrane 
e x t r i n s i c  by Lemi re  s i  a l .  ( 1983) .  The l o c a t i o n  o f  the  
i r o n - s u l p h u r  s u b u n i t  has  been i m p l ie d  to  be i n  t h e  
i r o n - s u l p h u r  s u b u n i t  (27 K d a l t o n ) ,  by t h e  p r ima ry  s t r u c t u r e  o f  
t h i s  p e p t i d e ,  deduced f rom the  n u c l e o t i d e  sequence  o f  the  gene 
e n c od ing  i t  (Cole  e t  1982, Gues t  a l .  1984) .  I t  seems
l i k e l y  t h a t  a l l  t h r e e  c l u s t e r s  a r e  l o c a t e d  i n  t h i s  p e p t i d e  as  
t h r e e  g r oups  o f  c y s t e i n e  r e s i d u e s  we re  i d e n t i f i e d  f rom t h i s  
s e q u e n c e ,  Weine r e_t a l . ( 1984) p roposed  t h a t  the
f l a v o p r o t e i n  p e p t i d e  encased  the  i r o n - s u l p h u r  p e p t i d e  to  some 
e x t e n t  and t h a t  both a r e  membrane e x t r i n s i c .  By u s in g  
d ysp ro s i um ( I I I ) -E D T A  a s  a pa r a m agne t ic  probe to  p e r t u r b  t h e  
e . p . r ,  p r o p e r t i e s  o f  the t h r e e  i r o n - s u l p h u r  c e n t r e s ,  i t  ha s  
been  shown t h a t  they a r e  a l l  l o c a t e d  c l o s e  to  the  s u r f a c e  o f  
t h e  c y to p l a s m i c  membrane ( c h a p t e r  5 ) .  The e f f e c t s  o f  
d y s p r o s i u m ( I I I )  were s i m i l a r  i n  membrane bound and i s o l a t e d  
p r o t e i n s ,  a dd ing  w e ig h t  t c  t h e  p r o p c s i t i c n  t h a t  the  
i r o n - s u l p h u r  c e n t r e s  a r e  i n  t h e  membrane e x t r i n s i c  p o r t i o n  o f  
f u m a r a t e  r e d u c t a s e .  C e n t r e s  FR1 and FR3 were show to  be 
l o c a t e d  deep w i t h i n  t h e  c a t a l y t i c  s u b u n i t s ,  u s in g  th e  method 
o f  Blum e^ ai.. ( 1983) , by ana logy  to  the  Chroma tium vino  sum 
HiPIP c e n t r e  wh ich i s  known t o  be l o c a t e d  c e n t r a l l y  i n  i t s  
p r o t e i n .
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9.3  O r i e n t a t i o n a nd spaJtjLaX. r e l a t i o n s h i p s  of. the,  p r o s t h e t i c  
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I n t e r a c t i o n s  have been shown to  oc cu r  be tween t h e
p r o s t h e t i c  g roups  o f  t h e  E, c o l i  f u m a r a t e  r e d u c t a s e  ( c h a p t e r s  
4 & 8 ) ,  by the  obse rved  changes  i n  t h e  e . p . r .  p r o p e r t i e s  o f
t h e  i r o n - s u l p h u r  c e n t r e s  when more t h a n  one c e n t r e  was 
p a ra m a g n e t i c .  Namely r e l i e f  o f  power s a t u r a t i o n  a t  low
t e m p e r a t u r e s  and l i n e  b roade rdng  o f  the  e . p . r .  s p e c t r a .
I n t e r a c t i o n s  we re  obse rved  be tween FR1 and FR2, FRl and FR3 
and FR1 and th e  f l a v i n  sem iqu inone .  The d i s t a n c e s  be tween  t h e  
i n t e r a c t i n g  g roups  we re  e s t i m a t e d  by assuming t h a t  t h e  
i n t e r a c t i o n s  we re  p r e dom inan t ly  d i p o l a r  i n  n a t u r e .  From the  
p e r t u r b a t i o n s  o f  the  e . p . r .  p r o p e r t i e s  o f  the  randomly
o r i e n t e d  s o l i d  samples  ( f r o z e n  membrane s u s p e n s i o n s )  an 
a v e r a g e d  d i s t a n c e  be tween  i n t e r a c t i n g  c e n t r e s  was e s t i m a t e d .  
The i n t e r  i r o n - s u l p h u r  c e n t r e  d i s t a n c e s  f o r  FR1 and FR2, and
FR1 and FR3 we re shown t o  be a p p ro x i m a t e ly  9-12% i n  both
c a s e s ,  by the  method o f  O hnish i  ejt â L • ( 1982) .  The d i s t a n c e
be tw een  FR1 and t h e  f l a v i n  moie ty  was s i m i l a r l y  shown t o
a p p r o x i m a t e ly  11-17%. The f e a s i b i l i t y  o f  e l e c t r o n  t r a n s f e r
be tween  the  p r o s t h e t i c  g roups  was t h e r e f o r e  shown ( c h a p t e r  
8 ) .
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The l o c a t i o n  o f  the  s u c c i n a t e  r e d u c i b l e  f e r r e d o x i n  c e n t r e  
c l o s e  to  the  f l a v i n  moie ty  poses  t h e  q u e s t i o n  o f  which s u b u n i t  
i t  i s  l o c a t e d  in . .  As mentioned p r e v i o u s l y  i t  h a s  been im p l i e d  
t o  be l o c a t e d  i n  t h e  i r o n - s u l p h u r  s u b u n i t ,  so  i f  t h i s  i s  the  
c a se  t h e n  i t  must  be l o c a t e d  i n  such a p o s i t i o n  t h a t  a l l o w s  i t  
t o  be c l o s e  enough to  i n t e r a c t  w i th  t h e  f l a v i n .  Th is  i s  
p o s s i b l y  c l o s e  t o  the  j u n c t i o n  o f  t h e  two c a t a l y t i c  s u b u n i t s .  
Th is  l o c a t i o n  may a l low  the i r o n - s u l p h u r  c l u s t e r  to  u t i l i s e  a 
c y s t e i n e  r e s i d u e  from the f l a v o p r o t e i n  s u b u n i t ,  a s  two o f  the  
c y s t e i n e  r e s i d u e  c l u s t e r s  r e q u i r e  a f u r t h e r  l i g a n d  t o  form 
i n t a c t  i r o n - s u l p h u r  c l u s t e r s  (G ues t  s i  a l .  1984) .  An 
a l t e r n a t i v e  s o u rc e  f o r  a l i g a n d  h a s  been  p roposed t o  be a 
n i t r o g e n  from one of  the  amino a c i d  r e s i d u e s  (Adman 1979) .  
The HiPIP c e n t r e  (FR3J, a n a la g o u s  t o  S3 o f  s u c c i n a t e  
d e h y d ro g e n a s e ,  can  be p roposed t o  be l o c a t e d  i n  a p o s i t i o n  
c l o s e  t o  the  membrane i n t e r f a c e  t h a t  a l l o w s  i n t e r a c t i o n  w i t h  
t h e  menaquinone m o i e t i e s  i n  the  membrane. This  may a c c o u n t  
f o r  t h e  l a b i l i t y  of  t h i s  c e n t r e  and t h e  low v a l u e s  o b t a i n e d  
f o r  t h e  non-haem i r o n  and a c i d - l a b i l e  s u lp h u r  d e t e r m i n a t i o n s  
o f  Cole  e t  a l .  ( 1982) ,  which we re  performed on t h e  c a t a l y t i c  
dime r .
O r i e n t a t i o n  s t u d i e s  on the  membranes d e r i v e d  f rom th e  
f u m a r a t e  r e d u c t a s e  a m p l i f i e d  s t r a i n  showed t h a t  the  p r o t e i n  
m o le c u le s  we re  o r d e r e d  i n t o  a c r y s t a l l i n e  a r r a y  upon 
p r o d u c t i o n  o f  t h e  membrane m u l t i l a y e r s .  M u l t i l a y e r s  produced 
from a w i l d - t y p e  s t r a i n  o f  E. c o l i  d id  no t  e x h i b i t  a
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e q u i v a l e n t  t o  FRI and FR3 ( A l b r a c h t  ai.» 1981, Unden e t  
a l . 1984) .  Both enzymes c o n t a i n  t h e  same c o v a l e n t l y  bound
f l a v i n  moiety which had s i m i l a r  m i d - p o i n t  p o t e n t i a l s  (E^^ 
(n  = 2 ) ,  -20mV f o r  t h e  W. s u c c i n o c e n e s  enzyme).
9 .4  F u t u r e  de ve lopm ents
The n a t u r e  o f  the  H iP I P - ty p e  c e n t e s  i n  t h e  
s u c c i n a t e - f u m a r a t e  o x i d o r e d u c t a s e s  h a s  become o f  i n t e r e s t  
s i n c e  the  d i s c o v e r y  o f  the  t h r e e - i r o n  c l u s t e r s ,  and t h e  
i m p l i c a t i o n  t h a t  the  c e n t r e  S3 was o f  t h i s  type  ( Johnson  e_t 
a l .  1985) .  The s i m i l a r i t y  o f  the  e . p . r .  s i g n a l s  o f  f u m a r a t e  
r e d u c t a s e  to  th o se  of  s u c c i n a t e  de h y d ro g e n a s e  h a s  i m p l i e d  t h a t  
the  i r o n - s u l p h u r  c l u s t e r s  a r e  o f  the  same type i n  the  two 
enzymes.  However, t h i s  i s  r e q u i r e d  t o  be confi rmed by 
e x p e r i m e n t a l  e v id e n c e .  S t u d i e s  s i m i l a r  t o  t h o s e  o f  Johnson  e_t 
ü l .  ( 1985) a r e  r e q u i r e d  t o  f u r t h e r  c h a r a c t e r i s e  c e n t r e  FR3 
and d e t e r m i n e  th e  n a tu r e  of  t h i s  c l u s t e r  i . e .  w he the r  i t  i s  
t h e  d e g r a d a t i o n  p roduct  of  a 4 F e - c e n t r e .  The n a t u r e  of  the  
second  f e r r e d o x i n  c e n t r e  (FR2) h a s  been  f u r t h e r  com p l ic a t ed  by 
th e  r e p o r t  o f  the  ’ b ro ad '  f e r r e d o x i n  s i g n a l ,  which t i t r a t e d  i n  
t h e  same r e g i o n  a s  t h a t  i n  which c e n t r e  FR2 was d e t e c t a b l e  
(R. Cammack, p e r s o n a l  com m un ica t ion ) .  I t s  low s p i n  
q u a n t i t a i o n ,  i n  t h e  membrane bound enzyme,  a p p e a r s  t o  exc lude  
t h i s  c e n t r e  f rom being  FR2, bu t  i t  c a n n o t  be e xc luded  t h a t  
t h i s  c e n t r e  i s  no t  f u l l y  e . p . r .  d e t e c t a b l e .  The f i r s t  
e x c i t e d  s t a t e  (S = 3 /2 )  may be s i g n i f i c a n t l y  p o p u l a t e d .  That
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t h i s  c e n t r e  i s  the  r e s u l t  o f  c o n v e r s i o n  from FR3; e i t h e r  f rom 
a S F e - c e n t r e  to  a 4 F e - c e n t r e  or  be tween  redox  s t a t e s  o f  a 
4 F e - c e n t r e  (+1 and +3);  h a s  been  p ro p o se d ,  but  a d d i t i o n a l  d a t a  
i s  r e q u i r e d  t o  confi rm  t h i s .
I t  h a s  been assumed t h a t  FR3 r e c e i v e s  e l e c t r o n s  from 
menaquinone i n  a s i m i l a r  manner t o  t h a t  i n  which s u c c i n a t e  
d ehyd rogenase  d o n a t e s  e l e c t r o n s  t o  u b i q u in o n e .  However, no 
i n t e r a c t i o n  between FR3 and t h e  menaquinone f r e e  r a d i c a l  was 
o b s e rv e d  i n  t h e  membrane p r e p a r a t i o n s  used i n  t h i s  s t u d y .
This  may however be due to  t h e  t i t r a t i o n  o f  the  f l a v i n  i n  t h e  
same r e g i o n  and i t s  l a r g e  s i g n a l  masking t h a t  o f  the  q u i  no ne.
F u r t h e r  s t u d i e s ,  pe rhaps  u s i n g  a  m u tan t  o f  JE. c o l i  l a c k i n g
t h e  f l a v i n  m o ie ty ,  may p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n .  I t  h a s  
been r e p o r t e d  t h a t  the  ancho r  p o l y p e p t i d e s  o f  f u m a r a t e
r e d u c t a s e  a r e  r e q u i r e d  f o r  qu inone  r e d u c t a s e  a c t i v i t y
(Cecch in i  ejt a l .  ( 1 9 8 4 ) ,  so t h e s e  subun i  t s  may bind
menaquinone i n  a s i m i l a r  manner a s  s u c c i n a t e  dehd rogenase  
b inds  u b iq u in o n e .
The l o c a t i o n  o f  t h e  i r o n - s u l p h u r  c l u s t e r s  h a s  been
i m p l i e d  by t h e  sequence  o f  t h e  c a t a l y t i c  s u b u n i t s  t o  be i n  t h e  
i r o n - s u l p h u r  s u b u n i t .  However d i r e c t  e x p e r i m e n t a l  ev id e n c e  i r  
r e q u i r e d  to  conf i rm t h i s  l o c a t i o n .  Thus e . p . r ,  s t u d i e s  on 
t h e  i s o l a t e d  i r o n - s u l p h u r  s u b u n i t ,  o r  on a m utan t  s t r a i n  
l a c k i n g  f r d A may r e v e a l  t h e  l o c a t i o n  o f  the i r c n - s u l p h u r
c e n t r e s .
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The c y s t  a l  l i n e  n a t u r e  o f  t h e  m u l t i l a y e r s  produced  f rom 
t h e  f u m a r a t e  r e d u c t a s e  a m p l i f i e d  s t r a i n  o f  JE. c o l l , has  been  
shown. The f u m a r a t e  r e d u c t a s e  was shown t o  be i n  a w e l l  
o r d e r e d  e n v i ro n m e n t ,  w i t h i n  t h e  membranes.  This  was d i s t i n c t  
f rom the  g r o s s  o r d e r  obse rved  by We ine r  ^  ( 1 9 8 4 ) .  These
membranes t h u s  l e n d  th e m s e lv e s  t o  use f o r  s t r u c t u r a l  s t u d i e s  
o f  t h e  enzyme, because  o f  t h e  e a s e  o f  p r e p a r a t i o n  o f  the  
s a m p le s  and t h e i r  h i gh  l e v e l s  o f  t h e  enzyme. The knowledge of  
t h e  d e t a i l e d  s t r u c t u r e  o f  f u m a r a t e  r e d u c t a s e  and s u c c i n a t e  
de h y d ro g e n a s e  w i l l  p rov ide  e v id e n c e  f o r  many o f  the  q u e s t i o n s  
t h a t  a r e  s t i l l  unanswe red o r  f o r  wh ich p a r t i a l  answe rs  have 
been  found .
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